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SECTION  1 


SUMMARY 

It  has  lone,  been  recognized  that  the  critical  feature  of  aerospace  structural 
design  is  the  joints  between  the  elements.  They  often  represent  reductions  in 
static  strength,  and  stress-concentration  sites  where  fatigue  damage  can 
initiate.  These  situations  are  ever,  more  demanding  for  advanced  composite 
structures  because  they  are  brittle  and  lack  the  ductility  to  redistribute 
loads  (and  mask  imperfections  in  analysis)  which  is  so  characteristic  of 
conventional  metal  alloys  used  widely  throughout  the  industry. 

This  report  examines  three  aspects  of  the  analysis  and  design  of  joints  in 
advanced  fibrous  composite  structures:  (1)  nonlinear  analysis  of  adhesivelyr 
bonded  stepped-lap  joints  and  aoublers,  (2)  multi  row  mechanically  fastened 
joints  in  aerospace  structures,  and  (3)  nonlinear  analysis  of  combined  bonded 
ar.d  bolted  joints.  The  methods  developed  include  non! in&ari ties  needed  for 
metal  structures  as  well  as  those  for  composites.  The  analyses  are  based  on 
continuum  mechanics  teenniques  and  have  been  coded  into  three  Fortran  IV 
digital  computer  programs  A4EI ,  A4E0 ,  and  A4EK,  respectively.  This  work 
builds  upon  prior  contract  research  for  the  NASA  Langley  Research  Centci  and 
the  USAF  Flight  Dynamics  Laboratory  in  which  elastic-plastic  analyses  were 
develooed  for  adhesively-bonded  stepped-lap  joints  and  doublers  and  coded  as 
the  A4E8  and  A4EH  programs. 

The  materia1  in  Section  2  on  nonlinear  analysis  of  adhesi ve-bonded 
stepped-lap  joints  and  doublers  contains  derivations  for  elastic, 
elastic-plastic,  and  bilinear  adhesive  models.  The  analyses  have  been  coded 
into  the  computer  program  A4EI  which  is  used  to  demonstrate  many  of  the 
characteristics  of  thick  stepped-lap  bondeu  joints  between  metal  and  fibrous 
composites.  The  sample  solutions  cover  the  effect  of  the  type  of  load 
appl ieatioh  ,  tension,  compression,  or  in-plane  shear;  the  rCSiduai  thermal 
stresses  due  to  curing  the  adhesive  at  elevated  temperature  or  to  co-cure  and 
bonding  of  the  composite  to  the  metal;  the  improvement  of  joint  strength  by 
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optimizing  the  joint  proportions,  particularly  those  of  the  end  metal  tab; 
the  changes  in  critical  failure  mode  with  temperature  and/or  the  nature  of 
the  applied  loads;  and  the  load  redistribution  around  and  across  flaws.  The 
importance  of  having  such  an  analysis  method  available  is  emphasized  in  terms 
of  experimental  evidence  as  to  the  problems  and  weaknesses  associated  with 
unsuitably  proportioned  stepped-lap  joints. 

The  nonlinearities  included  in  the  new  analysis  method  in  Section  3  for 
multirow  mechanically  fastened  joints  in  aerospace  structures  include  the 
fastener  load-deflection  characteristics,  the  provision  for  clearance  around 
fasteners,  the  elastomechanical  deformation  of  the  members  between  the 

fasteners,  and  the  interaction  between  bearing  and  bypass  loads  in 
establishing  the  failure  loads  at  each  station.  The  analysis  has  been  coded 
into  a  Fortran  IV  digital  computer  program  A4EJ.  The  solution  is  by 
continuum  mechanics  rather  than  finite  elements,  and  the  computer  run  times 
are  therefore  extremely  short.  This  greater  definition  of  the  internal  load 
transfer  within  such  a  joint  requires  considerably  greater  input  data  than 
older  simpler  analyses  and  the  report  indicates  just  what  data  will  be 
required  to  be  generated.  Sample  solutions  are  presented,  to  cover  thick 

fibrous  composite  structure,  and  thin  metal  structure,  to  illustrate  the 
capabilities  of  the  analysis. 

The  combined  bonded/bolted  joint  analysis  in  Section  4  of  this  report  needs 

i 

no  new  derivations  beyond  those  in  Sections  2  and  3.  The  illustrative 

examples  show  how  the  combination  is  typically  no  better  than  a  nominally 

perfect  adhesive-bonded  joint  alone,  because  the  adhesive  is  typically  so 
much  stiffer  than  the  fasteners.  However,  the  combination  is  shown  to  have 
substantial  benefits  in  the  context  of  repair  of  improperly  bonded  structure 
prior  to  delivery,  of  the  in-service  repair  of  damaged  structure,  and  of 

damage  confinement  in  thick  fibrous  composites  or  bonded  laminated  metal 

structures.  While  it  is  widely  recognized  that  bonded/bolted  joints  are 
difficult  to  justify  for  perfect  structures,  there  are  thus  several 

situations  which  warrant  having  the  capability  to  design  and  analyze  such 
structures  when  allowance  is  made  for  real-world  defects  and  damage.  The 
separate  analyses  A4EI  for  bonded  joints  and  A4EJ  for  bolted  joints  have  been 
combined  into  the  single  computer  program  A4EK  for  combined  bonded/bolted 
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joints.  The  sample  solutions  presented  pertain  to  fibrous  composite 
structures,  but  the  program  is  equally  applicable  to  all-metal  structures. 


If  one  highlight  were  to  be  singled  out  from,  the  new  developments  in  this 
investigation,  it  would  have  to  be  the  use  of  fasteners  in  thick  fibrous 
composite  (or  laminated  metal)  structures  to  provide  fail -safety  by  prevent 
inq  the  wide-spread  delaminations  that  could  otherwise  be  initiated  by  quite 
local  damage.  While  the  fasteners  carry  virtually  no  load  as  long  as  the 
bond  and  iaminate  are  intact,  they  enable  any  remaining  adhesive  after  damage 
to  work  more  efficiently  as  well  as  accept  load  themselves  to  relieve  the 
load  on  the  bonds  or  resin  interfaces.  This  condition  could  arise  anywhere 
in  the  structure,  not  just  at  the  locations  of  the  original  splices.  The 
examples  shown  for  this  problem  encourage  the  belief  that,  with  the  analyses 
generated  by  the  A4EK  program,  it  should  be  possible  to  thus  design 
sufficient  fail-safety  into  thick  composite  structures.  The  residual 
strength  of  the  damaged  structure  could  be  so  high  as  to  permit  safe 
operation  at  the  original  strain  level  with  only  a  loss  of  effective  area  in 
the  damaged  area,  with  no  notch  effect  to  reduce  the  load  carrying  capability 
o i  the  structure  outside  that  area. 
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SECTION  2 


NONLINEAR  ANALYSIS  OF  ADHESIVE-BONDED 
STEPPED-LAP  JOINTS  AND  DOUBLERS 

2.1  INTRODUCTION 

The  elastic-plastic  analysis  for  the  internal  stresses  and  strains  in  the 
stepped-lap  adhesive-bonded  joints  is  documented  in  References  1  and  2. 
Those  analyses  are  modified  here  to  account  for  the  features  added  since 
then.  The  original  solution  in  Reference  1  produced  the  digital  computer 
program  A4EG  for  bonded  joints.  This  was  expanded  in  Reference  3  to  produce 
the  program  A4EH  for  bonded  doublers  as  well  as  bonded  joints.  The  differ¬ 
ence  between  the  two  is  that,  for  bonded  joints,  the  entire  load  is  trans¬ 
ferred  throuqh  the  adhesive  while,  for  bonded  doublers,  only  a  fraction  of 
the  load  is  so  transferred,  with  the  remainder  staying  in  the  continuous 
member.  As  part  of  the  Primary  Adhesively  Bonded  Structure  Technology 


(PABST)  program,  these  earlier  programs  were  expanded  to  include  variable 
adhesive  properties  along  with  the  earlier  variable  adherend  properties. 
This  new  analysis,  coded  as  the  Fortran  IV  program  A4EI  is  reported  in 
Reference  2.  (The  earlier  programs  should  now  be  considered  superseded.) 
For  the  first  t^ma  it  became  possible  to  analyze  such  effects  as  load 
redistribution  around  bond  flaws,  the  strength  loss  due  to  pinch  off  of  the 
adhesive  at  the  edges  of  the  overlap,  and  the  consequences  of  porosity. 
Also,  the  logic  was  improved  to  reduce  the  already  short  run  times  and  to 
minimize  the  amount  of  data  input. 


The  nonlinear  analysis  presented  here  covers  all  of  the  material  in  Reference 
2,  as  coded  in  the  program  A4EI,  as  well  as  new  developments  not  yet  coded. 
These  include  the  bilinear  adhesive  model  used  for  double-lap  joints  in 
Reference  4.  This  is  not  necessary  for  improved  accuracy,  but  facilitates 
the  generation  of  a  set  of  solutions  for  a  range  of  applied  loads.  The 
solution  here  also  includes  a  variable  bond  width  along  the  length  of  the 
joint,  as  with  finger  doublers,  which  is  incorporated  in  the  combined  program 


£R£C£OU8»  I’lOJL  auisupoc  JIUHW3 


'“1 


A4EK  for  honded-hoUed  joints 


2.2  SYMBOLS 


Subscri pts 
1,  2 

e,  el,  p,  pi 
ref 


Integration  constants 

Effective  disbonding  (zero  to  unity  range) 

Young's  moduli  of  adherends 

Number  of  adhesively  bonded  surfaces  (one  or  two) 

Adhesive  shear  moduli 

Total  overlap  (length  of  bond) 

Length  of  individual  step  in  joint 
Running  loads  introduced  along  length  of  joint 
Direct  stress  resultants  in  adherends 
Temperature  charge  (Toperat1ng  -  Tcupe) 

Thicknesses  of  adherends 
Widths  of  adherends 

Axial  (longitudinal)  coordinate  parallel  to  load  direction 

Length  of  plastic  portion  of  step 

Coefficients  of  thermal  expansion  of  adherends 

Adhesive  shear  strain 

Elastic  and  plastic  adhesive  shear  strains 

Axial  (longitudinal)  displacements  of  adherends 

Thickness  of  adhesive  layer 

Exponents  of  elastic  and  bilinear  adhesive 
shear  stress  distribution 

Adhesive  shear  stress 

Elastic  and  plastic  peak  adhesive  shear  stresses 


Different  adherends  at  each  end  of  joint 
Elastic  and  plastic  adhesive  behavior 
Value  of  quantity  at  start  of  step  (x  -  0) 
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2.3  NONLINEAR  ANALYSIS  OF  ADHESIVE-BONDED  STEPPED-LAP  JOINTS 


A  representative  idealized  stepped-lap  joint  is  shown  in  Figure  1,  along  with 
the  sign  convention  and  nomenclature  necessary  for  the  analysis.  The 
analysis  of  this  joint  is  conveniently  subdivided  into  two  to  four  stages, 
depending  on  the  adhesive  strain. 


ADHESIVE  SHEAR  STRESS  DISTRIBUTION 


FIGURE  1.  NOTATION  AND  GEOMETRY  FOR  ADHESIVE-BONDED  STEPPED-LAP  JOINT  ANALYSIS 
Equilibrium  And  Compatibility  Equations 

The  analysis  begins  with  the  equilibrium  equations  for  a  differential  element 
of  one  of  the  steps. 

dTi 

-  Pi  +  F(l-D)rw  -  0,  (1) 

dx 

dT2 

- +  p2  -  F ( 1-D ) Tv  =  0,  (2) 

dx  < 

in  which  v  is  the  bond  width. 

v  is  the  lesser  of  wi  and  w2  (3) 

The  factor  F  is  used  to  distinguish  between  single  and  double  adhesive  bond 


surfaces. 


F  =  1  for  one  layer  of  adhesive  (single  shear) 

F  =  2  for  two  layers  of  adhesive  (double  shear) 


(4) 


The  term  D  represents  the  effective  disbond  or  porosity  at  that  step,  and  the 
shear  stress  t  characterizes  the  adhesive  on  the  reduced  area  that  is  fully 
stressed.  The  factor  l-D  is  needed  to  relate  the  adhesive  shear  stress  t  to 
the  differential  motion  between  the  adherends  in  terms  of  adhesive 
stress-strain  characteristics  measured  on  unflawed  adhesive  bonds.  The 
adherend  forces  Ti  and  T2  refer  to  the  total  load  in  the  adherends, 
rather  than  the  loads  per  unit  width  modelled  in  Reference  2.  Those  loads 
may  actually  be  in  one  or  two  physical  members,  depending  on  the  number  of 
adhesive-bonded  surfaces. 


The  thermoelastic  relations  for  the  adherends  are: 
dSi  Ti  d62  T2 

- - - +  ai(AT),  - =  - +  a2  (AT) ,  (5) 

dx  FitiWi  dx  E2t2v2 

in  which 


AT  =  rT'  -T  -T  -T  (6) 

operating  stress-free  operating  cure 

and  is  usually  negative. 

As  a  first  approximation,  the  adhesive  shear  strain  is  represented  as 

•y  -  (62  -  6L )  /  n  (7) 

and  is  assumed  to  be  constant  across  the  thickness  of  the  adhesive.  This 
approximation  violates  the  stress-free  edges  of  the  adhesive  and  results  in  a 
significant  overestimate  of  the  elastic  adhesive  shear  stresses  at  tiie  ends 
of  the  overlap;  however,  the  error  becomes  progressively  smaller  as  the 
adhesive  Is  strained  more  into  the  nonlinear  or  plastic  state.  Differentia- 
ti  )n  of  Equation  (7)  and  the  elimination  of  the  displacements  via  Equations 
(5)  leads  to  the  result 

dy  1  /d62  dSA  1/  T2  Ti  \ 

—  =  -  ( - - -  -I - -  - +  (o2  -  ax  )AT  .  (8) 

dx  n  \  dx  dx  /  q  \E2t2w2  Eitivi  / 
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A  further  differentiation  of  Equation  (8),  in  conjunction  with  Equations  (1) 
and  (2),  leads  to  the  expression 


d2y  F(i-D)w  /  1 


djr 


— V 


EltiWj  £2"t2W2, 


1/  Pi  P2 


■V 


EltlVl  E2t2W2  / 


(9) 


Within  the  elastic  region  of  adhesive  behavior,  as  with  light  applied  loads 
or  near  the  middle  of  the  bonded  overlap,  the  adhesive  stress  is  related  to 
the  shear  strain  by  the  equation 

T  =  Gely  (for  Y  -  Yfi)  (1®) 

while,  throughout  any  plastic  adhesive  areas, 

T  =  t  »  constant.  (for  y  ^  y  )  (11) 

P  e 

For  the  nonlinear  behavior  of  a  bilinear  elastic  model, 

T  '  Tel  +  *  (GerVYe  *  °plY'  (f°r  Y  '  Ye>  <12) 

These  various  adhesive  models  are  shown  in  Figure  2„  There  is  no  need  for 
any  more  complicated  adhesive  models. 


ADHESIVE 

SHEAR 

STRESS, 

r 


FIGURE  2.  REPRESENTATIONS  OF  ADHESIVE  NONLINEAR  SHEAR  BEHAVIOR 
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Elastic  Solution 


The  combination  of  Equations  (9)  and  (10)  yields,  as  the  governing  differen¬ 
tial  equation  for  the  elastic  behavior. 


1  ,v/  1 

-Si- 1  -  * 


d2Y 

-  -  F(l-D) - . - - - 

dx2  n  \EitiVi  E2t2v2/ 

or,  on  introducing  the  coefficient 

-(-  1  ' 

n 


y  = 


i  /  pi 


P2 


n  \EitiW!  E2t2w2 


G  w 

*X2  =  F(l-D)— 


^EitiWi  E2t2W2 


— -  -  X2y  =  cor^tant. 
dx2 

The  elastic  adhesive  shear  strains  are  then  expressed  as 


*(13) 


(14) 


(15) 


Y  =  A  cosh(Xx)  +  B  sinh(Xx)  +  C  ,  (16) 

in  which 

1  /  Pi  P2 

C  =  - 1  -  + - 

X2q  \Eitiwi  E2t2w2 

Integration  of  Equations  (1)  and  (2)  in  turn,  making  use  of  Equation  (10), 
leads  to  the  expressions 


Ti  =  Ti 


-re>-f 


pix  -  F(l-D)G  ..w  y  sinh(Xx)  +  f- (  cosh(Xx)-l)  +  Cx 
cj.  a  n.  \  / 


and 

T2  -■  T2ref  -  p2x  +  F(l-D)Gelv  J  sinh(Xx)  +  ®  ( cosh(Xx)-l)  +  Cx  . 


,  (18) 


(19) 


The  values  of  the  integration  constant  Ti  f  and  T2ref  depend  on  the  origin 
adopted  for  x.  In  the  coding  of  the  computer  program  A4E.I,  it  is  convenient 
to  adopt  the  start  of  each  step  as  the  origin  of  x  for  that  step. 
Integrating  Equations  (18)  and  (19)  again  and  substituting  the  integrals  into 
Equations  (5)  yields  the  following 
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I 


B  I 


I  l 


1 

(  Pix2 

ai  (AT)x  + - 

TlrefX  +  —  - 

F ( 1-D ) G  ,v 
el 

EitiVi 

l  2 

f  A  ,  x 

B  , 

Cx2 

1  —  ( cosh(Xx)-!  ) 

+  —  (  sinh(Xx) 

-  -Ax  )  +  - 

l  X2  '  1 

X2  V 

'  2 

(20) 


ana 


62  =  <S2ref  +  a2  (AT)x  + 


—  { 


IU 


T2  - 
ref 


B 


P2X‘ 


+  F(l-D)G  ,v 
el 


cosh(Xx)-l\  +  — (  sinh(Xx)  -  Xx 
X*  '  ;  X2  V 


)*?])' 


(21) 


The  subroutine  in  the  FORTRAN  IV  digital  computer  program  A4EI  used  to  solve 
the  equations  above  (or,  more  strictly,  those  in  Reference  2  without  the 
variable  width  effect)  for  the  elastic  adhesive  behavior  employs  the  follow¬ 
ing  analysis  technique  to  determine  the  Integration  constants  A  and  B.  The 
notation  ref  is  used  to  identify  the  start  of  any  step  or  bonded  zone  within 
the  overlap.  The  constant  A  in  Equation  (16)  follows  from  evaluation  of 
Equation  (16)  at  x  *  0.  Thus 


A  "  W  ~  C’ 


(22) 


with  the  constant  C  given  in  Equation  (17).  The  other  constant  B  can  be 
deduced  by  differentiating  Equation  (16)  once  and  equating  the  result  to  that 
given  by  Equation  (8).  Thus 


Ti 


dY  1  /  Tj 

—  =  AX  sinh(Xx)  +  BX  cosh(Xx)  =  —  1  - - - 

dx  n  \E2t2V2  Extiwi 


+  (a2-ai )AT 


(23) 


so  that  at  x  =  0 


B  = 


1  /  T 


‘ref 


Jref 


Xn  \E2t2w2  EjtiiWi 


+  (ci2-ai)AT 


(24) 


The  values  of  y,  x,  Ti,  T2,  <5i  and  6Z  at  the  end  that  step  then  follow 
from  Equations  (16),  (10),  (18),  (19),  (20),  end  (21),  respecti vely.  These, 
in  turn,  specify  the  initial  conditions  for  the  next  step. 
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For  t.he  special  case  of  the  first  step  of  the  joint,  it  is  necessary  to 
assume,  or  prescribe,  a  complete  set  of  initial  conditions.  However,  the 
actual  conditions  which  must  be  satisfied  are  shared  between  both  ends  of  the 
overlaD.  So  it  is  necessary  to  adjust  one  of  the  initial  conditions 
iteratively  until  the  other  boundary  condition  is  satisfied  at  the  far  end  of 
the  bonded  overlap. 

Plastic  Solution 


The  inclusion  of  plastic  nonlinear  behavior  in  the  analysis  is  similar  to 
that  above  for  the  elastic  solution,  with  one  of  the  major  complications 
being  the  unknown  location  of  any  transitions  between  elastic  and  plastic 
behavior.  The  plastic  adhesive  shear  stesss  is  constant  throughout  that 
portion  (or  all)  of  the  step,  as  given  in  Equation  (11).  Therefore,  Equation 
(9)  becomes,  for  the  plastic  zones. 


■dly  A2  1  /  Pi  P2  ^ 

dx2  G^  11  n  \Ei_tiVi  E2t2v2  / 

Thus,  throughout  the  plastic  adhesive  areas, 

dzY  A2  1  /  Pi  P2  \ 

- s  H  *  - x  -  —  /  — - +  - * -  )  =  constant , 

dx2  Gel  p  n  \EitjWi  E2t2v2  / 

so  that 


(26) 


y  »  ijHx2  +  Jx  +  K.  (27) 

The  other  constants  J  and  K  are  determined  by  directly  analogous  techniques 
with  those  used  for  the  elastic  solution.  Thus 


K  «  y 


ref 


0 


(28) 


and,  frcm  equations  (27)  and  (8), 


-  _  dx 

o  =  j 

dx 


x=0 


1  /  _ 

--  ref 

n  \E2t2w2 


Tlref.  . 

Eitiwi 


(a 2-ai)AT  )  . 


(29) 


The  adherend  loads  In  the  plastic  zone  follow  from  integration  of  Equations 
(1)  and  (2),  by  means  of  Equation  (11),  as 
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Ti  *  Tiref  +  Pix  “  F(l-D)vrpx 


(30) 


and 


Tz  =  T2ref  -  P2X  +  F(l-D)vTpx. 

Equations  (5)  may  then  be  integrated  to  yield 

. 2 


Si  =  Si  f  +  aj(AT)x  + 


pix 


Eitivi 


Ti  „x  + 
.  Jref 


-  F(1-D)wt  — 


and 

S2  =  <$2 


ref 


t-  a2(AT)x  + 


— ( 

E2t2W2  \ 


P2X  X 

T2  -X - +  F(l-D)wi  — 

ref  „  p « 


(31) 


(32) 


(33) 


Very  few  individual  steps  of  stepped-lap  bonded  joints  or  doublers  have  fully 
plastic  behavior  throughout.  Any  plastic  (or  other  nonlinear)  behavior  is 
frequently  confined  to  the  ends  of  the  outermost  steps,  because  in  order  tc 
achieve  the  excellent  fatigue  behavior  for  which  bonded  structures  are  re¬ 
nowned,  it  is  desireahle  not  to  operate  the  adhesive  beyond  its  proportional 
limit  for  frequently  recurring  loads,  (ihe  plastic  strength  is  best  reserv¬ 
ed  for  overloads  and  for  local  load  redistribution  around  flaws.)  Therefore, 
in  performing  elastic-plastic  analyses  of  adhesively-bonded  stepped-! ap 
joints,  it  is  necessary  to  compute  the  extent  of  the  step  under  considera¬ 
tion  to  see  whether  there  is  a  transition  to  elastic  behavior. 


The  various  possible  behaviors  are  shown  In  Figure  3.  Starting  from 
Equations  (27)  and  (28), 

Y  =  HHx2  +  Jx  +  Yref»  '  (34) 

in  which  the  constant  J  is  given  by  equation  (29).  It  is  necessary  to  find 
the  lesser  value  of  x  for  which 

y  -  y  .  (35) 

£ 

Equation  (34)  i*-  first  rearranged  t.o  read 

5sHxp2  +  Jxp  +  (Yref  -  Ye)  -  0,  (36) 

so  that  the  maximum  extent  of  plastic  adhesive  tone  is  given  by 
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FIGURE  3.  EIGHTEEN  TYPES  OF  ADHESIVE  BEHAVIOR  IN  BONDED  JOINTS 


The  minus  sign  in  front  of  the  radical  holds  whenever  dy/dx  is  less  than 
zero,  as  at  the  near  end  of  the  joint..  Now,  if  the  loading  is  such  that  Y  is 
negative  and  dy/dx  positive  at  the  start  of  the  joint,  the  appropriate  answer 
is  the  lesser  of 


In  evaluating  this  dimension,  it  is  important  to  note  that  the  expression  for 
H  in  Equation  (26)  is  modified  by  reversing  the  sign  of  the  term  containing 
the  plastic  shear  stress  x  .  .Likewise,  the  expression  for  J  in  Equation  (29) 
is  altered  because  the  adherend  loads  Tj  and  t2  are  negative.  After  x  has 

ir 

been  computed  from  Equation  (37)  or  (38),  it  is  compared  with  the  actual  step 

length  i.  .  If  x  >  i  .  ,  that  particular  step  is  fully  plastic 

3  step  P  step 
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throughout,  and  the  values  of  the  various  quantities  at  the  far  end  of  the 
step  are  evaluated  from  Equations  (27),  (11),  (30),  (31),  and  (33). 


Should  x  be  less  than  Si  J  ,  the  difference  is  examined  elastically  to  see 

p  step 

whether  the  step  remains  elastic  thoughout  the  remainder  or  becomes  plastic 
again  at  the  far  end.  It  is  necessary  that  dy/dx  be  maintained  at  any 
plastic-to-elastic  or  elastic-to-plastic  transitions  in  order  to  ensure 
equilibrium,  as  can  be  seen  from  Equation  (29).  In  solving  for  the  maximum 
possible  length  of  the  elastic  adhesive  zone,  one  must  provide  both  for  the 
case  of  shear  strains  of  the  same  sign  (positive  or  negative)  at  each  end  of 
the  step  and  for  the  case  of  a  reversal  of  sign  in  the  shear  stress.  The 
latter  can  arise  physically  in  the  presence  of  adherend  thermal  mismatch  (as 
between  fibrous  composites  and  metals)  but  occurs  most  frequently  as  a  result 
of  an  imbalance  between  the  known  and  assumed  boundary  conditions  at  the 
start  of  the  analysis.  The  procedure  to  determine  the  length  of  the  elastic 
zone  is  thus  reduced  to  an  iterative  solution  of  the  distance  required  for 
the  adhesive  strain  to  become 


Y  =  Y  or  -y  .  , 

e  'e  (39) 

If  the  elastic  zone  does  not  extend  beyond  the  far  end  of  the  step  being 
analyzed,  it  is  necessary  to  compute  the  load  transferred  between  the 
adhererids  throughout  the  elastic,  trough.  In  doing  so,  it  is  simple  to  take 
the  length  computed  for  the  elastic  zone  and  substitute  it  back  into 
Equations  (16),  (10),  (18),  (19),  (20),  and  (21)  for  the  standard  elastic 
analysis  of  that  portion.  Should  the  elastic  trough  not  extend  to  the  far 
end  of  the  step,  Equations  (27),  (II),  (30),  (31),  (32)  and  (33)  are  then 
employed  for  the  plastic,  zon*3  to  the  end  of  the  step. 


Bilinear  Sol ution 


The  linear  portion  of  the  bilinear  adhesive  model  shown  in  Figure  2  is  given 
bv  the  elastic  analysis  above,  just  as  for  the  elastic-plastic  model.  So  it. 
is  necessary  to  discuss  only  the  nonlinear  portion  here.  In  this  case 
Equation  (9)  becomes 
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"Ta  j  ~L  4.1.1™^. 


fiyg&rrjrr  :t  ■,,v*^ 


1  ff.T**T^fc— 'tr*?r’. 


d2y  w 


-  -  F(l-D) 


+  — - 


dx 


Ejtiwj  E2t2v3 


I G  ,Y 
pi 


v  /  1  1  \ 

—  F ( 1-D )  ( - +  -  )(Cr  -G  )y  -  -I  .  . 

n  \Eitiwi  Eat 2v2  /  °  P  6  ri\Eitivi  Eataw2/ 


Pi  Pa  \ 

♦  -  (40) 


or,  in  terms  of  Equation  (14), 


d  Y  G 
- .  Sk  X2y 

d*2  °el 


*  i1  -  • ;( 


Pl  P2 


(41) 


Eitiw*  Eat2w2 


It  can  be  seen  that  this  has  the  same  basic  form  as  Equation  (15)  for  the 
linear  elastic  solution.  It  is  sensible  to  introduce  the  notation 


(X’)2  =  -&■  (X)2 


el 


so  that  the  solution  of  Equation  (41)  is 


Y  =  Ye  +  A*  coab(X'x)  +  B'  sinh(X,x)  +  C* 


In  which 


C'  * 


1  /  Pi 

•'  )2P  \Ejtii 


G 


*  y 

E2t2W2  /  Gpj^ 


(42) 

(43) 

(44) 

(45) 

(46) 

(47) 

(X * )2n  \EitjW!  Eataw2  /  G. 

i-L 

The  loads  in  the  adherends  then  follow  from  the  integration  of  Equations  (1) 
and  (2)  as 


(X* rn  \Eitjwi 

The  adhesive  shear  stress  then  follows  from  Equation  (12)  as 

T  -  G  _y  +  A'G  ,  cosh(X'x)  +  B'G  sinh(X'x)  +  C'G  . . 
ea.  e  pl  pl  pl 

T  =  A’Gp^  cosh(X'x)  +  ®'Gpi  sind(X,x)  +  D'Q 


where 


D'  = 


j- _ /  _Pi_ 

'  l2r%  V  TT.+  .i 


Ti  *  Tiref  +  Pix  "  F(l-D)G^1v  J —  sinh(X'x)  +  — *  ^cosh(X 'x)-lj 


PT 


+  D'x 


X’ 


X'  x 


(48) 


16 


T*  =  T2ref  "  PzX 


+  F( 1-D )G  ,w  f —  sinh(X'x)  +  —  (cosh(X 'x)-l)  +  D'xl 
P1  X'  V  1  \ 


The  displacements  then  can  be  evaluated  from  Equations  (5)  in  the  form 


61  =  £lref  +  ai(ZiT)x  + 


~  jTlrefX 
Eitjvi  l 


Pi* 

+  -  F(l-D)Gp1v 


r  A'  ,  B'  .  v  D’x2  l) 

- (  cosh(X'x)-l)  +  - (sinh(X'x)-X'x  )  + - |> 

l(X')zV  '  U’)2'  2  J) 


62  -  <S2ref  +  a2(AT)x  + 


-j 


TzrefX  "  —  +  ^>GplV 


r  A’  .  B’  ,  .  D'xZl)  ,  , 

j - (  cosh(X'x)-l)  + - (sinhCX'x^X'x  )  +  - 1?  .  (51) 

l (X*)2  '  (X‘)zX  2  2  J) 

These  equations  are  employed  in  much  the  same  way  as  th  se  above  for  the 
elastic  and  plastic  solutions.  The  constant  A1  follows  from  Equation  (43), 
evaluated  at  x  -  0.  That  is 


A'  =  y  f  -  y  ~  C' .  (52) 

ref  e 

Similarly,  the  constant  B'  is  determined  in  exactly  the  same  form  as  in 
Equation  (24).  Thus 


B'  =  (o2.aj)AT\  .  (53) 

(X'  )q  \E2t2W2  Eit-iWi  / 

Just  as  with  the  plastic  analysis  above,  it  Is  necessary  to  compare  the 
extent  of  each  step  with  the  length  over  which  the  nonlinear  adhesive  be¬ 
havior  can  occur.  The  procedure  is  first  to  evaluate  Equation  (43)  over  the 
entire  step  length  and  determine  whether  or  not  the  strain  at  the  far  end  of 
the  step  lies  in  the  linear  or  nonlinear  regime.  The  step  can  be  subdivided 
into  nonlinear  and  linear  zones  as  necessary. 
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In-Plane  Shear  Loading 


The  derivations  above  have  been  presented  for  in-plane  tensile  or  compressive 
loading  across  the  bonded  joint.  The  governing  equations  for  in-plane  shear 
loading  (Figure  4)  have  precisely  the  same  form,  as  explained  in  Reference 
1.  Only  two  changes  are  needed.  The  adherend  extensional  moduli  Ei  and  E2 
must  be  replaced  by  the  shear  moduli  Gt  and  G2.  This  causes  an  increase  in 
the  distribution  parameters  A  and  A'  which,  in  turn,  results  in  higher  peak 
adhesive  shear  strains  than  if  the  same  load  intensity  were  applied  in 
tension  or  compression.  However,  since  the  adherend  materials  are  usually 
weaker  under  in-plane  shear  than  under  direct  in-plane  tension  or 
compression,  the  adhesive  is  still  usually  not  the  weak  link  in  the 
structure.  It  is  necessary  also  to  delete  the  inclusion  of  the  adherend 
thermal  mismatch  terms  for  in-plane  shear  loading,  since  those  residual 
stress  effects  do  not  induce  in-plane  shear  preloadin^  in  the  adherends. 
That  effect  must  be  ignored  until  some  more  complex  analysis  is  formulated  to 
account  tor  local  effects  which  peak  in  two  corners  of  the  bond  area  rather 
than  all  along  two  edges.  With  ductile  adhesives,  the  resultant  effect  of  a 
small  preload  strain  orthogonal  to  those  induced  by  the  basic  applied  load  is 
often  insignificant  anyway. 


FIGURE  4.  ADHESIVE-BONDED  JOINT  LOADED  BY  IN-PLANE  SHEAR 


*  *■ 
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2.4  SAMPLE  SOLUTIONS 


The  sample  solutions  for  adhesive-bonded  steppped-lap  joints  and  doublers 
which  are  given  below  are  mostly  concerned  with,  variations  on  or.e  basic  high- 
load-intensity  titanium  to  graphite-epoxy  joint.  The  capabilities  of  the 
computer  program  A4EI  are  illustrated  in  terms  of  the  different  solutions  for 
elastic,  ultimate,  and  potential  bond  strengths,  of  the  residual  thermal 
stresses  induced  during  cool-down  after  cure,  of  the  different  strengths  in 
tensile  and  compressive  load  application,  and  of  the  load  redistribution  due 
to  various  bond  flaws.  Part  4  of  this  report  uses  this  same  basic  joint  as  a 
means  of  showing  how  effective  mechanical  fastening  is  on  its  own,  in  con- 
juntion  with  the  adhesive,  and  as  a  substitute  for  the  adhesive  in  disbonded 
areas.  References  1,  2,  3,  5,  and  6  contain  different  sample  solutions  which 
augment  the  Information  about  the  features  and  capabilities  of  this  program. 
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Basic  Joint  Description 


This  basic  joint  is  shown  in  Figure  5.  It  is  a  hypothetical  joint,  deliber¬ 
ately  not  optimized,  to  expose  the  design  problems.  The  adhesive  properties 
are  not  specific  to  any  particular  adhesive  but  representative  of  an  adhesive 
which  has  a  higher  service  temperature  capability  than  the  ductile  adhesives 
used  on  the  PABST  program.  In  conjunction  with  somewhat  more  ductility  tnan 
exhibited  by  the  first  generation  of  high-temperature  brittle  adhesives. 

The  following  illustrative  example  solutions  perform  two  functions.  They 
demonstrate  the  capabilities  of  the  analysis  program  A4EI  and,  in  the 
process,  explain  many  of  the  important  considerations  in  the  design  and 
analysis  of  stepped-lap  adhesive-bonded  joints.  The  computer  code  itself  is 
listed  in  Volume  II  of  this  report,  along  with  ths  user  instructions. 

Solutions  In  Absence  Of  Residual  Thermal  Stresses 

Figure  6  shows  the  adhesive  shear  stresses  and  strains  associated  with  the 
simplest  solution  of  the  joint  in  Figure  5,  neglecting  the  thermal  stresses. 
(Strictly,  for  this  case,  the  adhesive  properties  used  in  the  analysis  should 
have  been  those  which  apply  at  the  stress-free  temperature,  about  300°F, 
hut  these  curves  are  to  be  compared  later  with  equivalent  solutions 
accounting  for  the  residual  thermal  stress  effects  and  it  would  be  confusing 
to  cover  two  perturbations  simultaneously.)  Three  curves  are  shown  in  Figure 
for  the  adhesive  elastic  capability,  for  the  failure  of  the  joint  in  the 
adherend,  and  for  the  potential  bond  strength  of  the  adhesive  had  the 
adherends  been  stronger.  This  Information  is  typical  of  the  answers  obtained 
when  the  joint  strength  is  sought.  Note  how,  in  the  strain  curves  on  the 
right,  there  is  none  of  the  flattening  out  associated  with  the  stress  curves 

on  the  left.  The  peaks  of  the  stress  and  strain  curves  occur  at  the  steps 

(discontinuities)  in  adherend  properties  at  each  station.  It  can  be  seen 
from  the  strain  curves,  on  the  right,  that  even  at  ultimate  load  only  a  small 
fraction  of  the  adhesive  is  loaded  beyond  the  elastic  adhesive  strain,  so  the 
accumulation  of  creep  under  sustained  load  is  improbable.  Indeed,  over  half 

of  the  adhesive  is  strained  to  less  than  15  percent  of  its  failure  strain 

prior  to  failure  of  the  adherend. 
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FIGURE  6,  ADHESIVE  SHEAR  STRESSES  AND  STRAINS  IN  STEPPED-LAP  BONDED  JOINT 
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FIGURE  7.  ADHEREND  STRESSES  IN  STEPPED-LAP  BONDED  JOINT 


This  design  in  Figure  5  was  deliberately  not  optimized,  to  highlight  some 
characteristics  of  stepped-lap  adhesive -bonded  joints.  The  ultimate  strength 
is  limited  not  by  the  adhesive,  but  by  the  thin,  excessively  long  end  step  on 

the  titanium  plate,  as  shown  in  Figure  7.  This  end  step  frequently  fails  in 

fatigue  if  the  joint  proportions  are  not  sized  carefully.  Figure  7  shows  the 
further  information,  beyond  that  in  Figure  6,  which  is  provided  by  the 
analysis  of  such  joints  with  the  program  A4EI. 

Improvement  Of  Joint  Strength  By  Optimizing  Proportions 

Armed  with  information  of  the  type  shown  in  Figures  6  and  7,  one  would  set 
about  modifying  the  design  to  Improve  the  joint  strength.  It  is  evident 

that,  since  the  adhesive  shear  strains  at  each  end  of  the  joint  are  roughly 

equal,  the  overall  stiffness  balance  is  good.  Any  further  impovemer.t  in  that 
regard  would  probably  be  thwarted  by  the  constraint  that  the  fibrous 

composite  laminate  must  consist  of  an  integral  number  of  plies.  The  need  for 

stiffness  balance  is  why  there  is  such  a  pronounced  thickness  buildup  at  the 
right  side  of  Figure  5.  However,  since  the  titanium  end  step  is  either  too 
thin,  too  long,  or  both,  it  should  be  modified.  It  is  preferable  not  to  make 
it  too  thick,  lest  it  joggle  the  fibers  in  the  laminate  and  thereby  weaken 
the  other  member  more  than  it  is  strengthened  itself.  A  tip  thickness  in  the 
range  0,030  inch  to  0.050  inch  is  usually  found  to  be  optimal.  So  a  redesign 
should  shorten  that  step,  as  well  as  lengthening  some  of  the  middle  steps  to 
decrease  the  minimum  adhesive  shear  stress  there.  Since  the  composite 
adherend  is  weakest  at  its  end  step,  as  shown  in  Figure  7,  that  also  should 

be  shortened.  Figure  8  depicts  the  results  of  such  a  reanalysis,  showing  how 

the  ultimate  strength  was  increased  from  34075  Ibs/in.  to  38033  lbs/in.  This 
is  a  rather  small  increase,  and  was  sufficient  to  reduce  the  potential  bond 
strength  from  51519  lbs/in.  to  38033  lbs/in. ,  since  the  adhesive  is  now 
critical  rather  than  the  adherends.  Therefore,  one  should  perform  a  further 
redesign  of  the  joint  with  the  only  variable  left  -  an  increase  in  the  number 
of  steps.  The  results  of  such  a  further  design  iteration  are  shown  iri  Figure 
9.  The  ultimate  (and  potential  bond)  strength  was  increased  to  46363 
lbs/in.  This  represents  a  substantial  increase  over  the  34075  Ibs/in,  of  the 
initial  design  in  Figure  6,  showing  how  important  it  is  to  properly 
proportion  the  step  details.  However,  it  must  be  recorded 


also  that.,  for  this  relatively  thick  stepped-lap  bonded  joint,  the  bond 
strength  is  still  substantially  less  than  die  lesser  adherend  strength  of 
66300  Ibs/in.  and  that  still  further  refinements  will  be  progressively  less 
effective  in  increasing  the  bond  strength.  These  examples  suffice  to  demon¬ 
strate  the  design  refinement  techniques.  The  design  iterations  are  much  more 
straightforward  for  thinner  adherends,  which  are  subjected  to  lighter  loads. 
For  a  real  design,  one  would  need  to  analyze  the  joint  throughout  the  entire 
operational  environment,  and  iterate  the  design  for  the  most  severe 
condition.  A  comparison  of  Figures  6  (and  7),  8,  and  9  shows  that  the 
critical  location  In  every  Instance  is  the  thin  end  of  the  titanium.  So  it 
is  here  that  further  design  refinements  would  be  applied.  These  would  take 
the  form  of  a  greater  number  of  shorter  steps,  to  keep  the  rate  of  load  build 
up  below  that  for  the  strength  build  up.  However,  a  word  of  caution  is 
necessary.  The  critical  step  In  Figure  9  is  already  only  1/4  inch  long,  and 
step  increments  are  limited  by  the  finite  thickness  of  the  composite 

material,  be  it  tape  or  cloth.  It  would  be  easy  to  continue  this  design 
iteration  process  to  the  degree  that  the  precision  demanded  of  the  manufac¬ 
turing  techniques  would  be  beyond  any  reasonable  tolerances.  Rather  than  use 
the  program  A4EI  tc  such  questionable  ends,  it  would  make  more  sense  to  do 
only  one  more  design  iteration,  by  thickening  the  end  step  to  0.040  inch  to 
increase  its  strength,  and  the  next  step  likewise  to  0.080  inch  and  then  to 
use  the  computer  program  to  assess  the  strength  losses  to  be  expected  due  to 
reasonable  manufacturing  tolerances  in  chem-milling  the  titanium  and  laying 
up  the  fibrous  composite.  The  results  of  such  a  final  analysis,  with  all 

other  variables  as  in  Figure  9,  were  an  elastic  strength  of  21032  lbs/inch, 

and  an  ultimate  strength  of  39957  lbs/inch,  with  the  adhesive  critical  at  the 
far  end  cf  tne  joint.  These  are,  in  fact,  significant  strength  decreases 

with  respect  to  the  configuration  analyzed  in  Figure  9,  confirming  that  it  is 
going  to  be  difficult  to  improve  upon  that  design. 

One  very  Important  characteristic  of  the  design  of  stepped-lap  joints  which 
Is  not  apparent  in  Figures  5  through  9  is  that  experience  has  shown  that  the 
best  such  joints  have  0°  fibers  adjacent  to  the  adhesive,  rather  than  a 
900  or  ±450  ply.  The  reason  Is  that  the  transverse  fibers  tend  to  roll 
under  the  shear  transfer  loads  and  the  resin  splits  between  the  fibers.  This 
imposes  a  severe  constraint  on  the  options  available  to  the  designer  in 
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regard  to  optimizing  the  joint  details,  particularly  if  the  fiber  pattern  has 
been  set  by  conditions  outside  the  bonded  joint  area.  It  should  be  apparent 
that  the  joint  area  should  be  considered  more  in  setting  the  fiber  pattern. 
The  fiber  pattern  must  not  deviate  much  from  a  uniformly  dispersed 
quasi-isotropic  pattern  if  the  laminate  is  to  be  free  from  the  weak  cleavage 
planes  associated  with  laminates  in  which  parallel  fibers  are  bunched 
together  rather  than  interspersed. 

Effect  Of  r.esidual  Thermal  Stresses  From  Bonding  Dissimilar  Adherends 

When  advanced  fibrous  composites  are  bonded  to  metal  adherends  at  an  elevated 
temperature  to  cure  the  adhesive  and  give  it  resistance  to  environmental 
attack,  the  metal  tends  to  shrink  during  the  cool-down.  That  induces 
residual  stresses  and  strains  in  the  adhesive  for  all  but  joints  so  short 
(half  an  inch  or  so)  that  they  are  alleviated  by  adhesive  creep.  The 
shrinkage  also  introduces  tensile  stresses  in  the  metal  and  compression  in 
the  composite.  These  effects  are  shown  in  Figure  10  for  the  basic  stepped- 
lap  bonded  joint  shown  in  Figure  5.  Figures  11  and  12  show  what  happens  when 
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FIGURE  10.  RESIDUAL  THERMAL  STRESSES  FROM  BONDING  TITANIUM  TO  GRAPHITE-EPOXY 
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26 


tensile  and  compressive  shear  loads  are  superimposed  on  the  residual  stresses 
shown  in  Figure  10,  It  is  significant  that  the  tensile  shear  stresses 

combine  with  the  tensile  residual  stresses  at  station  8,  on  the  right  hand 
side  of  the  joint  while  station  1,  on  the  left.,  is  critical  for  compressive 
loading.  It  is  very  clear  that  it  is  necessary  to  analyze  for  both  the 

tensile  and  compressive  shear  loads  separately,  because  the  strengths  are 
different,  the  critical  locations  are  different  and  even  the  critical  modes 
are  different.  The  end  step  on  the  titanium  joint  is  not  at  all  critical 
under  compressive  loading,  for  example.  While  the  residual  thermal  stresses 
tend  to  detract  from  the  overall  joint  strengths,  it  is  self-evident  that 

they  are  helpful  in  regard  to  ensuring  that  there  is  some  very  lightly  loaded 

adhesive  to  help  resist  the  accumulation  of  adhesive  creep. 

2.5  EXPERIMENTAL  EVIDENCE 

The  importance  of  having  available  a  computer  program  like  A4EI,  or  the 
earlier  A4FG  and  A4EH  codes,  can  be  gaged  from  the  premature  failures  which 
occurred  at  metal -to-composite  stepped-lap  bonded  joints  in  several  R&D 
programs  over  the  years  at  various  establishments.  Some  of  these  problems 
are  discussed  here,  to  explain  them  and  to  encourage  their  avoidance  in  the 
future.  Since  their  history  is  irrelevant  to  the  present  discussion,  no 
identification  or  credits  are  given  here.  Nevertheless,  it  should  be  noted 
that  these  are  real  problems  and  have  occurred  far  tcj  frequently. 


Figure  13  shows  what  happens  when  the  end  step  on  the  metal  is  made  too  long 
and  too  thin.  It  breaks  off!  Usually  the  metal  yields  under  static  loading, 
permitting  a  secondary  failure  elsewhere  with  no  indication  of  this  cause  of 
load  redistribution.  The  great  bulk  of  evidence  that  the  long  thin  end  step 
is  a  problem  has  occurred  in  fatigue  testing.  Quite  apart  from  the 
mechanical  load  transferred  through  the  bond,  there  is  also  the  tensile 
residual  thermal  stress,  as  shown  in  Figur<  10,  and  the  stress  concentration 


due  to  the  steps,  which  are  more  frequently  chem-milled  rather  than  machined. 
The  test  specimen  shown  in  Figure  13  had  a  thickness  of  0.030  inch  on  the  end 
tab  and  a  length  of  over  an  inch.  The  author's  experience  suggests  that  a 
length  of  only  a  quarter  of  an  inch  would  have  been  more  appropriate  for  a 
tab  of  that  thickness,  particularly  if  it  were  in  double  shear.  The  A4EI 
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program  permits  a  systematic  parametric  study  of  such  joints  to  be  made  for  a 
small  fraction  of  the  cost  of  even  one  such  test  specimen.  This  can  greatly 
reduce  the  need  for  test  specimens  and  maximize  the  usefulness  of  those 
actually  tested. 


FIGURE  13.  FAILURE  OF  STEPPED-LAP  ADHESIVE-BONDED  JOINT 

Further  experimental  evidence  on  the  use  of  the  A4EG  program  to  design 
stepped-lap  titanium  to  graphite-epoxy  bonded  joints  is  given  in  Reference 
6.  This  was  a  much  easier  task  than  similar  work  on  the  F- 15  tail  and  F-18 
wing  and  tail  because,  for  the  A-4  graphite-epoxy  stabilizer  program  it  was 

4-a  iimn  «  LI  «U1  ..  .  _  JL  .  .  i  ..  .  r»_  .  .  An  i  •  i  .  •  •  • 

<-w  Use  a  Miymjr  uutu  is  ttiHiebiVe,  tpOn  anu  tne  tuamum  was 

only  0.25  inch  thick.  During  several  tests,  at  progressively  more  com¬ 
plexity,  the  failures  were  consistently  In  the  fibrous  composite  outside  the 
joint  area.  Tests  on  that  same  program,  described  in  References  1  and  7, 
highlighted  the  potential  problems  that  can  occur  due  to  wrinkles  in  the 
fibers  at  the  tip  of  an  embedded  titanium  plate.  That  is  why  the  joint  shown 
in  Figure  5  Includes  a  tapered  fiberglass-epoxy  wedge  beyond  the  end  step, 
co-cured  with  the  basic  graphite-epoxy  laminate  to  eliminate  both  the 
wrinkling  and  the  ahrupt  termination  of  such  fibers  if  they  had  simply  been 
butted  up  against  the  end  step. 


Quite  apart  from  reducing  the  structural  efficiency  by  carrying  around  excess 
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material,  such  abrupt  termination  of  the  fibers  just  beyond  the  tip  of  the 
titanium  splice  plate  can  actually  weaken  the  strength  to  below  that  which 
would  be  attained  had  those  plies  been  replaced  by  low-modulus  filler 
material  to  prevent  them  from  picking  up  load.  This  is  explained  in  Figure 
14,  which  Is  a  simplification  of  a  somewhat  more  complicated  condition  in 
which  the  delamination  was  actually  initiated  by  the  combination  of  shear  and 
peel  stresses.  The  example  on  which  Figure  14  is  based  had  a  tip  thickness 
in  excess  of  0,1  inch,  with  ove.  50  percent  of  the  central  plies  terminated 
there  being  longitudinal.  The  consequent  stress  concentration  was  far  worse 
than  normal  design  practice  permits.  The  number  of  plies  which  can  be 
simultaneously  terminated  safely  in  a  graphite-epoxy  laminate,  without  fear 
of  inducing  delaminations,  is  closer  to  four  rather  than  more  than  twenty, 
whether  there  is  a  joint  in  that  vicinity  or  not.  Likewise,  it  is  important 
to  thoroughly  intersperse  the  cross  plies  rather  than  lumping  them  together, 
because  of  the  substantial  residual  tensile  stresses  in  the  resin,  which  has 
typically  two  to  three  times  the  coefficient  of  thermal  expansion  of  aluminum 
alloys.  Just  because  a  laminate  is  not  warped,  it  does  not  mean  that  it  is 
not  prs-stressed.  Any  warpage  is  actually  due  to  relief  of  such  internal 
stresses  which  would  otherwise  be  worse. 


INITIAL  FAILURE  AT  "A"  BECAUSE  THICKNESS  "B"  IS  EXCESSIVE  AND 
LOAD  IN  FIBERS  "C"  CANNOT  BE  UNLOADED  THROUGH  RESIN  MATRIX 

FINAL  FAILURE  AT  "D”.  IS  BY  NET  SECTION  TENSION  ON  THE  TOP  FACE 
AND  SHEAR  OUT  (NOT  SHOWN)  ON  THE  LOWER  FACE 


FIGURE  14.  PREMATURE  FAILURE  OF  STEPPED-LAP  BONDED  JOINT  BY  DELAMINATION 
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While  on  this  subject,  it  is  appropriate  to  digress  a  little  and  explain  that 
a  90°  ply  within  a  laminate  cured  at  the  usual  350°F  or  250°F  does  not 
behave  at  ail  like  a  transverse  test  on  a  0°  monolayer.  In  the  latter 
case,  the  resin  is  free  to  contract  laterally  (perpendicularly  to  the  fibers) 
rather  than  to  develop  internal  stresses,  while  in  the  former  case  such 

lateral  contraction  is  resisted  by  adjacent  fibers  in  the  0°  or  ±45° 

directions.  Thus  the  90°  layer  within  a  typical  laminate  is  prestressed 
and  usually  also  pre-cracked.  If  too  many  such  plies  are  bunched  together, 
delaminations  will  occur,  as  discussed  in  Reference  8,  even  under 
tension-tension  fatigue  loading. 

The  purpose  of  mentioning  some  of  the  items  above  is  to  point  out  that  if 
certain  good  design  principles  are  not  followed  in  designing  bonded  stepped- 
lap  joints  in  fibrous  composites,  the  analysis  given  here  would  become  quite 

inadequate  and  would  need  to  be  replaced  by  a  far  more  complicated  model 

which  checked  not  only  for  the  adhesive  and  gross  adherend  behavior  but  also 
checked  each  and  every  resin  interface  within  the  laminate  for  possible 
failure  there,  instead. 

2.6  LOAD  REDISTRIBUTION  DUE  TO  DISBONDS  IN  ADHESIVE  IN  STEPPED-LAP  JOINTS 

When  titanium  to  fiDrous  composite  stepped-lap  joints  are  co-cured  and  bonded 
with  an  adhesive  film,  as  is  done  on  the  F- 18  and  F- 15  by  McDonnell  and  was 
done  on  the  A-4  R&D  horizontal  tail  by  Douglas,  it  is  virtually  impossible  to 
manufacture  a  bad  joint  unless  there  is  something  like  a  bag  failure  which 
would  ruin  the  laminate  as  well  as  the  joint.  However,  if  one  were  to 
precure  all  the  details  separately  and  then  try  to  secondarily  bond  them,  it 
would  be  relatively  easy  t.o  have  major  disbonds  caused  by  poor  fit  of  the 
details,  particularly  if  the  joint  is  thick  enough  to  warrant  several  steps. 
Indeed,  such  has  been  found  to  be  the  case  elsewhere.  The  variable  adhesive 
properties  introduced  into  the  A4EI  program  during  the  Primary  Adhesively 
Bonded  Structure  Technology  (PABST)  program,  as  described  in  Reference  2, 
permit  an  assessment  of  the  effects  of  such  misfits  in  stepped-lap  bonded 
joints.  Three  such  examples  of  this  are  discussed  below,  again  using  the 
basic  joint  in  Figure  5  as  a  reference. 
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Figure  15  shows  the  consequences  of  the  two  end  steps  being  disbonded  at  the 
left  end  'Of  the  joint.  Figure  16  shows  the  load  redistribution  due  to  the 
middle  three  steps  beind  disbonded,  and  Figure  l7  shows  what  happens  when  the 
end  steps  on  the  right  are  disbonded.  It  is  iirsnediate'iy  obvious  that  the 
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FI SURE  15.  STRENGTH  LOSS  AND  LOAD  REDISTRIBUTION  DUE  TO  DISBONDS 

IN  STEPPED-LAP  JOINTS 

Toad  redistribution  due  to  the  disbonds  is  far  snore  substantial  than  shown  in 
Figures  8  to  11  of  Reference  2  for  uniformly  thick  bonded  adherends.  The 
reason  for  this  much  greater  sensitivity  of  the  larger  more  complex  joint  to 
bond  flaws  is  that  there  are  no  large  areas  so  lightly  loaded  that  the  flaw 
could  be  missed  or  to  which  the  load  transfer  could  be  moved.  Figure  16  is 
particularly  significant  in  the  sense  that  the  load  redistribution  around  the 
central  flaw  is  so  intense  that  the  critical  adhesive  conditions  are  no 
longer  located  at  the  ends  of  the  overlap,  but  at  the  edge  of  the  flaw. 

Figures  15  to  17  have  been  prepared  from  the  thermal -stress-free  solutions 
and  the  predicted  strengths  are  well  down  from  the  34067  Ibs/inch  in  Figure  6 
for  nominally  perfect  bonds  in  the  same  specimen.  Table  I  enumerates  some  of 
the  predictions  when  thermal  stress  terms  are  included.  The  strength  losses 
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TABLE  1.  STRENGTH  OF  VARIOUS  FLAWED  BONDED  STEPPED-L  1  JOINTS 


BASELINE  SPECIMEN, 

AS  IN  FIGURE  6, 

NO  BOND  FLAWS 

■ 

LEFT  END  TWO  STEPS 
OISBONDF.D.  AS  IN 
FIGURE  IE 

MIDDLE  THREE  STEPS 
CISBONDED,  AS  IN 

FIGURE  16 

RIGHT  END  TWO  STEPS 
DISBONDED.  AS  IN 

FIGURE  17 

THERMAL  STRESSES  ASSOCI  AT  ED  WITH  AT  -  -300°F 
ULTIMATE  STRENGTH  SOLUTIONS  GIVEN 

1  TENSION 

STRENGTH  -  21.659  LB/IN. 
MAXIMUM  ADHESIVE 

21,814 

16,911 

8430 

SMEAR  STRAIN -0.106 

0.110  AT  8 

0.200  AT  6 

0.200  AT  6 

A 1  S I A I ICJN  6 

ADHERENO  1  CRITICAL 

AT  STATION  7 

1  AT  7 

ADHERENDS 

NOT  CRITICAL 

ADHERENDS 

NOT  CRITICAL 

COMPRESSION 

STRENGTH  -  -  35,684  LB/IN. 
MAXIMUM  ADHESIVE 

-6696 

-16,710 

-17.974 

SHEAR  STRAIN  *  —0.193 

AT  STATION  1 

-0  20  AT  3 

-0.2  AT  3 

-0.2  AT  6 

ADHERENDS  2  CRITICAL 

AOHERENOS  NOT 

ADHERENDS 

ADHERENDS 

AT  STATION  2 

CRITICAL 

NOT  CRITICAL 

NOT  CRITICAL 

are  even  more  substantial.  Further  analyses,  reported  in  Section  4  of  this 
report,  have  been  made  to  predict  how  much  of  that  strength  loss  could  be 
recovered  by  bolting  through  the  disbonded  areas.  Those  solutions  involve 
the  use  of  the  combined  bonded-bolted  joint  analysis  program  A4EK. 

Figures  15  to  17  fail  to  show  one  other  important  effect  of  disbonds  in 
stepped-lap  bonded  joints  only  because  the  adherends  are  so  thick  and  strong 
that  the  adhesive  is  the  weak  link.  This  other  important  effect  is  that,  if 
the  end  steps  are  disbonded,  the  entire  load  is  now  carried  in  a  reduced 
section  of  the  adherends,  just  as  if  they  had  been  notched  or  cut  down  out¬ 
side  a  sound  joint.  This  effect  is  shown  in  Figures  18  and  19  which  is  not 
for  the  same  joint  as  used  in  Figures  15  to  17,  but  for  a  thinner  joint  with 
a  more  ductile  adhesive.  This  effect  could  not  be  demonstrated  for  the  thick 
joint  in  Figure  5.  This  situation  of  a  disbond  weakening  the  adherends  more 
than  the  adhesive  would  be  prevalent  for  well-designed  joints  between  thinner 
adherends,  in  which  the  adhesive  had  a  considerable  margin  with  which  to 
tolerate  some  reasonable  level  of  disbonding. 


FIGURE  18.  COMPRESSIVE  LOAD  ON  SMALL  STEPPED-LAP  JOINT  WITH  DUCTILE  ADHESIVE 


FIGURE  19.  PREMATURE  FAILURE  OF  ADHERFNDS  DUE  TO  DISBOND  IN  ADHESIVE 
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2.7  CHECKS  OH  THE  ACCURACY  OF  THE  SOLUTIONS 


The  logic  within  the  computer  program  A4EI  is  now  so  complex,  in  comparison 
with  the  original  A4EG  version,  that  it  is  how  difficult  to  devise  sample 
solutions  to  exercise  all  options  within  the  coding  to  verify  its  accuracy. 
The  last  bugs  were  not  found  until  after  over  fifty  complex  joints  had  been 
analyzed  with  several  different  conditions  for  each.  However,  there  are  some 
techniques  which  have  been  developed  which  can  be  useful  in  maintaining  the 
program. 

The  most  obvious  ones  are  mathematically  trivial,  but  very  important.  The 
thermal -stress-free  case  of  uniform  adherends  in  a  doubie-lap  joint  should 
give  a  precisely  symmetric  solution.  Likewise,  precisely  anti -symmetric, 
solutions  can  be  devised  with  residual  thermal  stress  problems.  Also,  a 
problem  run  with  a  tensile  load  and  negative  AT,  for  example,  can  be  compared 
with  what  should  be  a  precisely  opposite  answer  for  a  compressive  load  and 
the  positive  AT.  Such  checks  cannot  verify  that  all  parts  of  the  program  are 
operational,  but  they  are  an  easy  way  of  exposing  a  problem  due  to  misreading 
a  card,  or  to  cards  out  of  sequence,  which  could  not  be  detected  from  a  very 
complex  solution  because  there  is  no  basis  for  questioning  it,  unless  it  is 
grossly  wrong. 

2.8  CONCLUSIONS 

The  ability  to  analyze  adhesive-bonded  joints  and  account  for  variations  in 
the  adhesive,  either  in  properties  or  geometrically,  is  a  valuable  asset. 
This  is  particularly  true  in  regard  to  the  load  redistribution  around  flaws. 

The  computer  program  A4E1  is  particularly  useful  In  optimizing  the  propor¬ 
tions  of  stepped-lap  bonded  joints,  as  between  titanium  edge  members  and 
graphite-epoxy  laminates.  Both  analysis  and  test  over  many  years  have  shown 
that  the  strength  of  such  joints  can  be  particularly  sensitive  to  poor 
detailing  of  the  end  step  of  the  titanium,  in  particular,  as  well  as  to  any 
gross  mismatch  in  adherend  stiffnesses. 
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Since  this  is  a  continuum  mechanics  analysis,  rather  than  one  based  on  finite 
elements,  the  computer  run  times  are  extremely  short.  However,  the  actual 
run  time  depends  on  just  where  in  a  joint  it  becomes  critical.  Run  times  are 
typically  five  times  as  long  if  the  joint  Is  critical  at  the  far  end  rather 
than  at  the  near  end  where  the  analysis  began. 

The  sample  solutions  described  here  show  that  the  computer  program  A4EI  will 
be  a  useful  tool  in  analyzing  adhesive-bonded  stepped-! ap  joints  and 
doublers,  particularly  because  of  its  nonlinear  capabilities,  without  which 
failure  prediction  Is  virtually  Impossible. 
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SECTION  3 


NONLINEAR  ANALYSIS  OF  MULTIROW  BOLTED  JOINTS 
IN  FIBROUS  COMPOSITE  AND  METAL  STRUCTURES 


3.1  INTRODUCTION 

The  analysis  of  the  load  sharing  In  multirow  mechanically  fastened  joints  in 
aerospace  structure  has,  in  the  past,  been  limited  to  linear  elastic  solu¬ 
tions  and  empirical  techniques.  These  have  sufficed  for  typical  ductile 
metals  which  are  very  forgiving  and  tend  to  deform  without  catastrophic 
failure  and  redistribute  the  load  according  to  plastic,  rather  than  elastic, 
behavior.  Some  of  these  existing  analyses  have  been  used  very  effectively  to 
obtain  great  insight  into  the  behavior  of  multirow  bolted  joints,  even  though 
precise  failure  predictions  are  lacking.  The  manner  in  which  the  end 
fasteners  tend  to  pick  up  a  disproportionate  share  of  the  load  has  long  been 
understood.  And  any  sculpturing  to  redistribute  the  load  transfer  more 
evenly  will  be  just  as  effective  at  some  indeterminate  failure  load  as  it  is 
at  some  lesser  specified  load  for  which  analyses  have  been  run.  These 

\ 

existing  tools  have  contributed  much  to  the  art  of  designing  mechanical 
splices  and  this  is  quite  evident  from  a  new  analysis  here  of  an  efficient 

splice  which  had  been  designed  a  decade  ago  according  to  established 

techniques. 

However,  the  advent  of  the  greater  use  of  advanced  fibrous  composite  mater¬ 
ials  has  necessitated  the  development  of  improved  analysis  methods  for 
mechanically  fastened  splices.  One  reason  for  this  is  that  fibrous  com¬ 
posites  are  so  brittle  that  a  more  precise  load-sharing  analysis  is  needed 
because  there  is  no  material  yielding  to  mask  approximations  or  even 
inaccuracies  in  the  predictions.  The  analysis  for  that  aspect  could  be 

linear.  However,  the  same  brittleness  causes  a  need  for  a  basic  nonlinear 
feature  in  the  analysis.  Since  the  clearances  around  fasteners  are  some¬ 
times  about  the  same  as  the  maximum  possible  stretching  of  fibers  between  the 
fastener  rows,  it  is  obviously  necessary  to  account  for  any  initial 


clearances  or  preloads  at  the  fasteners.  Even  if  it  should  transpire  that 
hole  clearances  in  bolted  fibrous  composite  structures  are  eventually  shown 
to  be  unacceptable  for  much  primary  structure,  this  new  analysis  might  well 
be  the  key  to  demonstrating  such  a  conclusion.  There  is  another  need  for 
including  nonlinear  behavior  in  the  analysis  of  mechanically  fastened  joints 
in  fibrous  composites.  This  need  is  due  to  the  non-catastrophic  bearing 
damage  that,  occurs  in  the  immediate  vicinity  of  fastener  holes  whenever  the 
holes  are  not  close  enough  together  to  fail  by  tension  through  the  hole. 
Thus,  even  though  fibrous  composites  are  customarily  regarded  as  linearly 
elastic  to  failure,  they  still  need  a  nonlinear  analysis  for  bolted  or 
riveted  joints. 

While  the  justification  for  improving  the  existing  analysis  capability  is 
greater  for  fibrous-composites  than  for  ductile  metals,  it  makes  sense  to 
Include  in  the  analysis  developed  arty  extra  features  necessary  to  permit  a 
better  analysis  of  bolted  ineta'I  structures  also.  A  better  characterization 
of  the  load  transfer  distribution  at  typical  fatigue  loads  car.  then  be 
obtained.  For  this  reason,  the  analysis  developed  here  includes  nonlinear 
behavior  of  the  members  between  the  fastener  rows. 

3.7  SYMBOLS 


Fastener  diameter,  can  vary  along  length 
Young's  modulus 

Stress  level  in  Ramberg -Osgood  model 

Stiffness  of  element  of  bolt  load  versus  deflection 
characteristic 

Station  identification 

Step  length,  or  distance  between  adjacent  stations 
Fastener  load,  varies  along  length 

t 

Running  shear  loads,  assumed  constant  along  length 
Internal  loads  in  members,  vary  along  length 
Temperature 

Temperature  change  (Toperating  -  Trembly5 
Thicknesses  of  members,  can  vary  along  length 
Widths  of  members,  can  vary  along  length 


CXI,  a2 
f\ ,  61 ,  62 
e 
c 

Subscripts 

o,  +,  - 
1,  2 
k 

e,  P 

lilt 

fr 


Coefficients  of  thermal  expansion 
Displacements  of  members 
Strain  in  members 
Stress  in  members 


Sign  convention  for  displacements 

Identification  of  each  member 

Station  number  identification 

Elastic  and  plastic  values,  respectively 

Ultimate  value,  at  failure 

Contribution  due  to  friction  load  transfer 


3.3  LOAD-DEFLECTION  CHARACTERISTICS  FOR  A  SINGLE  FASTENER 

The  transfer  of  load  through  mechanical  fasteners  (bolts  and  rivets)  within  a 
joint  is  characterized  in  terms  of  the  relative  displacement  between  the 
members  at  each  fastener  station.  Figure  20  depicts  the  simplest  possible 
mathematical  model  for  such  load  transfer.  The  take-up  of  any  initial 

clearance  Is  shown  to  be  friction  free  but,  in  principle,  it  would  be  quite 
straightforward  to  include  a  constant  (Coulomb)  force  throughout  that 

displacement  increment.  Any  further  load  applied  to  the  extremities  of  the 
joint  induces  a  shear  load  in  that  fastener  as  the  relative  motion  is 
resisted  by  the  shear  strength  of  the  fastener.  The  initial  load  transfer  is 
linear,  as  shown,  but  there  is  also  usually  a  significant  nonlinear 

contribution  prior  to  failure.  The  straight-line  non-linear  behavior  shown 
in  Figure  20  is  the  simplest  such  representation  possible.  No  more  complex 
representations  are  necessary.  In  some  instances  it  would  be  possible  to 

have  an  ambiguous  (nonunique)  solution  if  a  perfectly  plastic  (horizontal) 
nonlinear  mathematical  model  were  used,  so  it  is  preferable  to  adopt  a 
positive  slope,  however  small,  in  the  model.  In  the  case  of  a  net-  or 
interference-fit  fastener,  of  course,  there  is  no  initial  clearance  to 
contend  with  while,  for  multirow  joints,  it  is  possible  that  the  "other" 
fasteners  may  induce  a  positive  or  negative  preload  on  the  fastener  under 
consideration. 
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FIGURE  20.  FASTENER  LOAD-DEFLECTION  CHARACTERISTICS 

In  ormj to  imp! 6 Went  such  s.  lead-deflection  curve  as  in  Figure  20  it  is 
necessary  to  define  also  precisely  what  is  meant  by  the  relative 
displacement,  between  the  numbers  at  each  fastener.  This  ten  be  understood 
by  reference  to  Figure  21,  or  to  its  equivalent,  for  double-shear  fasteners. 
The  points  A  and  C  move  apart  under  the  load  P.  These  points  are 
sufficiently  remote  from  the  fastener,  at  station  B,  that  the  displacements 
at  A  and  C  can  be  considered  to  be  uniform  across  the  section.  The  relative 
motion  between  stations  A  and  C  can  be  considered  as  the  sum  of  three 
components;  the  gross  section  stretching  {or  compression)  in  member  1  between 
A  arid  B,  the  gross  section  stretching  in  member  2  between  B  and  C,  and  the 
combination  of  the  local  distortions  of  the  moriters  in  the  vicinity  of  the 
fastener  and  the  shear  deformation  (and/or  rotation)  of  the  fastener  itself. 

By  isolating  out  the  first  two  such  components,  one  is  left  with  what  is 
referred  to  as  the  fastener  flexibility.  It  it  specific  to  a  given  fastener 
in  particular  materials,  but  is  independent  of  the  location  chosen  for 
stations  A  and  C,  Such  characteristics  ire  customarily  deduced  by  measuring 
the  relative  motion  between  stations  A  and  C  and  removing  mathematically  the 
amounts  that  the  members  1  end  2  would  hsve  stretched  over  the  increments  AB 
and  BC,  respectively,  had  there  been  no  fastener  at  B.  It  Is  important  to 
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EFFECTIVE  FASTENER  RELATIVE  DISPLACEMENT  =  6  total  —6,  —  6  2 
AND  INCLUDES  DISTORTION  OF  CROSS  SECTION  AT  FASTENER  STATION 


FIGURE  21.  DEFORMATIONS  IN  MECHANICALLY-FASTENED  JOINT 

include  the  local  distortion  of  the  members  around  the  fastener  holes  within 
the  characterization  of  the  fastener  flexibility  to  simplify  the  analysis  of 
such  joints  for  the  load  sharing  between  fasteners,  as  is  explained  in  the 
next  section. 

The  load-deflection  curve  shown  in  Figure  ,20  applies  for  load  in  one 
direction  only.  The  more  general  case,  in  Figure  **?,  includes  also  the 
characteristics  for  load  in  the  opposite  direction.  It  is  customary  to 
associate  positive  loads  and  deflections  with  tensile  lap  shear,  as  depicted 
in  Figure  21.  The  elastic  behavior  for  both  tensile  and  compressive  behavior 
is  usually  identical,  so  the  initial  elastic  lines  have  the  same  slope. 
However,  since  the  stress  trajectories  in  each  case  are  so  different,  as 
shown  in  Figure  23,  one  must  provide  for  different  proportional  limits  and 
nonlinear  behaviors.  The  mathematical  model  shown  in  Figure  22  is 
appropriate  for  the  fastening  of  both  fibrous  composite  and  metal  members, 
with  the  use  of  suitable  (different)  coefficients  to  characterize  the 
load-deflection  curves. 
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FIGURE  22.  IDEALIZED  FASTENER  LOAD-DEFLECTION  CHARACTERISTICS 

P  P 


FIGURE  23.  STRESS  TRAJECTORIES  AROUND  BOLTS  FOR  TENSILE 
AND  COMPRESSIVE  LAP  SHEAR 
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The  mathematical  description  of  the  load  transfer  characteristic  in  Figure  22 
is  as  follows: 


o 

II 

p u 

-  for  6  i  6  <  6  , 

o-  0+ 

(54) 

F=Kel(6-6o+) 

for  i  J  6  <  i  l4l 
o+  el+ 

(55) 

P  *  P«l. 

for  6  =  6,,, 
el+* 

(56) 

P  '  P«l+  *  W6  -  W 

for  6  5  6  <  6  _  , 

el+  pl+’ 

(57) 

P  =  P 

for  6=6,., 
pl+ 

(58) 

P  =  -  K  (6  -  6) 

el  o- 

for  6  n  1  6  16  , 

el-  o- 

(59) 

P  =  “  Pel  (~ve) 

for  J  -  6  , 

el-  • 

(60) 

P  ‘  P.l-  '  V<6el-  -  S> 

for  6  ,  5  6  5  6  ,  , 

pj.-  el- 

(61) 

p '  V  <-«> 

for  6  =  6  .  . 

pl- 

(62) 

The  negative  relations  are 

needed  both  for  compressive  external 

loads  and  to 

cover  the  possibility  of 

internal  (self-equilibrating)  loads 

induced  by 

thermal  mismatch  between  dissimilar  members  fastened  together  at  one 
temperature  and  operated  at  a  different  temperature.  They  are  also  needed  in 
the  iterative  analysis,  described  below,  to  cover  those  intermediate  analyses 
prior  to  convergence. 

Load  transfer  due  to  friction  associated  with  tightly  clamped  assemblies  can 
easily  be  accommodated  in  such  a  model.  However,  particularly  in  the  case  of 
fibrous  composites  with  a  resin  matrix,  the  reliance  upon  frictional  load 
transfer  In  long-life  aerospace  structure  is  questionable.  The  resin  would 
creep  to  relieve  the  preload.  Also,  in  the  many  structures  which  have 
countersunk  fasteners  to  achieve  a  flush  exterior,  there  is  often  not  much 
clamp-up  possible  even  in  the  short  term.  Leaving  aside  the  questions  of 
estimating  the  magnitude  of  any  frictional  load  transfer,  the  modifications 
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to  Equations  (54)  to  (62)  would  be 

P  =  P„  =  constant  for  0  $  5  i  6  (63) 

fr  o+  v  ' 

In  place  of  Equation  (54),  and 

P  =  P  +  K  . (6  -  6  )  for  {  <  {  <  6  l  (64) 

fr  el  o+  o+  el+ 

instead  of  Equation  (55).  Likewise,  Equation  (63)  would  he  complemented  by 

P  -  -  P  for  <S  <  6  i.  0  (65) 

fr  o- 

and  Equation  (59)  would  become 


P  -  -  P_  -  K  ( 6  -  6)  for  6 

fr  el  o- 

The  other  equations  would  remain  unchanged. 


el- 


<  6  <  6 


o- 


(66) 


The  preceding  discussion  concerns  the  load-transfer  characteristics  of  either 
a  single-fastener  joint  or  of  one  fastener  isolated  out  of  a  multirow  joint. 
The  next  section  of  this  caper  addresses  the  subject  of  calculating  just  how 
the  load  is  shared  between  multiple  fasteners  when  there  are  redundant  load 
paths.  After  that,  it  is  necessary  to  consider  the  failure  criteria,  station 
by  station,  to  identify  just  where  any  failure  would  occur,  and  at  what  load. 

3.4  LOAD  SHARING  BETWEEN  MULTIROW  FASTENERS 


A  variety  of  analysis  techniques  is  available  for  the  solution  of  the  problem 
of  load  sharing  between  multirow  fasteners.  Most  are  rendered  unsuitable  for 
this  task  because  of  a  restriction  to  linear  behavior.  The  method  adopted 
here  is  chosen  because  it  is  compatible  with  the  equivalent  nonlinear 
adhesive-bonded  analysis,  Reference  1,  with  which  it  is  later  integrated,  in 
Section  4  of  this  report. 


The  known  boundary  conditions  are  at  both  ends  of  the  joint,  while  the 
unknown  conditions  are  likewise  not  confined  to  one  end.  Therefore,  in 
solving  the  problem  iteratively,  it  is  appropriate  to  start  at  one  end  of  the 
joint  (preferably  that  which  Is  more  critically  loaded  to  improve  accuracy) 
and  to  assume  a  value  for  seme  unknown  there.  The  assumption  may  be  of  the 
total  joint  strength  or  the  displacement  at  the  first  fastener  (or  the  edge 
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of  the  joint)  induced  by  e  specified  load.  By  then  calculating  progressively 
along  the  joint,  satisfying  both  equilibrium  and  compatibility  requirements, 
one  can  interpret  the  consequent  predictions  at  the  other  end  of  the  joint. 
The  initial  assumption  can  then  be  modified  as  necessary  until  all  boundary 
conditions  are  satisfied  at  both  ends  of  the  joint.  The  development  of  this 
iterative  technique  Is  explained  in  References  1  and  2.  Actually,  unless  the 
initial  assumption  is  very  close,  or  has  been  refined  by  prior  iterations, 
the  progressive  calculations  will  diverge  and  the  appropriate  change  to  the 
previous  estimate  is  recognized  in  terms  of  the  nature  of  the  divergence. 

The  establishment  of  the  typical  equations  for  each  step  of  the  joint  is 
explained  in  Figure  24.  The  conditions  of  equilibrium  are  that,  for  member  1 
between  stations  k  and  k+1 

Tl(k-H)  "  Tl(k)  *  P(k)  +  Pll(k)  (67) 
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C.  DISPLACEMENTS  UNDER  LOAD 


FIGURE  24.  LOADS  AND  DEFORMATIONS  ON  ELEMENTS  OF  BOLTED  JOINT 
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in  which  Ti  is  the  member  internal  load,  being  positive  for  tensile  loads,  P 
is  the  shear  load  transfer  by  that  fastener  and  is  positive  for  tensile  lap 
shear,  as  shown.  The  remaining  term  pi£  is  usually  absent  from  test  coupons 
but  represents  the  running  shear  load  that  may  be  present  in  such  real 
structures  as  the  splice  at  the  root  cf  a  wing  under  bending  loads.  The  sign 
convention  for  pi,  and  p2  likewise,  is  that  each  lead  is  taken  to  be  positive 
when  it  acts  in  the  same  direction  as  a  tensile  load  in  the  member  outside 
the  joint  area.  Similarly,  for  the  same  element  of  member  2, 

Tz(k+1)  =  T2(k)  +  P(k)  “  P22,(k)' 

Figure  24  illustrates  a  single-shear  application.  In  a  double-shear  joint, 
the  two  portions  which  would  make  up  members  1  or  2  would  be  combined  and  the 
fastener  load  transfer  P  would  be  changed  from  single  to  double  shear 

values.  The  form  of  Equations  (67)  and  (68)  would  not  be  altered. 

Similarly,  in  what  follows,  the  subscripts  1  and  2  refer  to  any  appropriate 
sumnation  of  properties  as  well  as  of  loads. 

To  ensure  that  the  analysis  complies  with  compatibility  requirements,  one 
must  use  the  mechanicjl  (and  possibly  thermal)  properties  of  the  members. 
Because  of  uniqueness  requirements,  it  Is  mathematically  not  permissible  at 
all  to  use  any  Ideal  elastic-plastic  material  characterization,  even  though 
that  could  sometimes  be  done  for  the  fasteners.  In  terms  of  Figure  20. 
Effectively,  what  Is  required  is  the  stiffness  of  each  member  between  each 
adjacent  pair  of  fastener  stations,  making  due  allowance  for  variations  in 
width  (as  with  lollipopping  to  reduce  the  load  picked  up  by  an  end  fastener) 
as  well  as  1 n  thickness.  Figure  25  shows  typical  sculptured  skin  splices  for 
the  fuselages  of  pressurized  transport  aircraft.  Because  such  skins  are 
relatively  thin,  it  is  more  effective  to  rout  the  edges  of  uniformly  thick 
splices  and  doublers  to  Improve  the  fatigue  strength  than  to  taper  the 
thicknesses  of  such  members.  It  Is  also  much  safer,  in  the  sense  that  the 
cyclic  variation  in  ioint  geometry  along  the  splice  permits  any  cracks  which 
might  be  Initiated  .  .-om  the  holes  to  grow  slowly  into  visible  areas.  That, 
in  turn,  permits  more  prompt  repairs.  Thicker  members,  such  as  wing  skins, 
are  customarily  spliced  by  tapered  members,  as  shown  in  Figure  26.  The 
analysis  developed  here  has  the  capacity  to  account,  for  both  of  these 
techniques.  It  is  appropriate  to  also  include  in  the  analysis  provision  for 


thermally  Induced  strains  and  some  provision  for  the  running  shear  load 
discussed  above. 


A.  TYPICAL  LONGITUDINAL  8KIN  SPLICE 


B.  TYPICAL  TRANSVERSE  SKIN  SPLICE 


FIGURE  25.  RIVETED  FUSELAGE  SKIN  SPLICES 


FIGURE  26.  WING  PANEL  00INT  AT  SIDE  OF  FUSELAGE 
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For  fibrous  composite  materials,  a  1 inearly-elastic  gross  material  behavior 
will  suffice  but,  for  ductile  materials  like  aluminum  alloys,  one  must 
include  some  nonlinear  behavior  to  permit  loading  beyond  the  material 
proportional  limit.  The  stiffness  of  each  segment  of  the  joint  can  be 
calculated  to  any  level  of  accuracy  desired  but  any  improvement  in  accuracy 
beyond  what  can  be  achieved  by  the  well  publicised  Ramberg-Osgood  modal 
(Reference  9)  or  even  a  two-straight- 1 ine  (bilinear)  model  is  likely  to  very 
small  and  not  worth  the  added  complexity.  The  nonlinearity  of  purely  ±450 
fibrous  composites  can  be  represented  by  the  Ramberg-Osgood  model.  Other 
fiber  patterns,  containing  some  0°  fibers  aligned  with  the  load  direction, 
can  be  treated  as  linearly  elastic  to  failure. 


The  extension  of  the  members  between  stations  k  and  k+1  is  given  by 
6l(k+l)  '  6l(k)  =  aiAT*(k)  +  £l£(k) 


62(k.+l)  -  6*(k)  =  a2m(k)  +  £2*(k)  (70) 

since,  for  uniformly  stepped  members,  the  strain  can  be  considered  to  be 
uniform  between  stations,  except  for  the  local  deformation  around  the 
fasteners,  which  is  accounted  for  in  Equations  (54)  to  (62).  In  Equations 
(69)  and  (70)  the  thermally-induced  strains  derive  from  any  temperature 
diffe rential 

AT  =  T  .  .  -  T  ( 71 1 

oper  at  mg  as  s  embly  v  A ' 

and  the  mechanically  induced  strains  ej  and  e2  are  deduced  on  the  basis  of 
the  member  loads  and  the  material  behavior,  as  depicted  in  Figure  27. 


Any  running  load  is  considered  to  be  applied  uniformly  along  the  length  of 
the  joint  and,  in  calculating  the  strains  in  Equations  (69),  the  stretching 
is  taken  to  be  that  which  would  be  associated  with  the  average  member  load  in 
each  segment.  Since  the  fastener  loads  are  treated  as  step  discontinuities 
at  each  station,  it  follows  from  Equations  (67)  and  (68)  that  the  average 
loads  causing  the  stretching  of  each  member  between  stations  k  and  k+1  are 

Ti(k>  -  T*(ki  -  p<k)  *  Wa  (72) 
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and 


T2(k)  ~  T2(k)  +  P(k)  "  p2*(k)72  (73) 

The  corresponding  stresses  are 

Oio-.)  ■  Ti(k) '  '  <74) 

and 


°2(k)  =  T2(k)  '  [v2(k)t2(k)L  (75) 

For  linearly  elastic  materials,  such  as  fibrous  composites,  the  equivalent 
strains  would  be 

£l(k)  =  0l(k)  1  El(k)  (76) 


STRAIN,  t 


FIGURE  27.  RAMBERG-OSGOOD  NONLINEAR  CHARACTERIZATION  OF  STRESS-STRAIN  BEHAVIOR 
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In  terms  of  the  Ramberg-Osgood  material  characterization  for  ductile 
material s, 
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(78) 


Care  must  be  exercised  In  using  the  formulations  in  Equations  (78)  because 
some  of  the  published  mathematical  models  do  not  agree  precisely  with  the 
material  properties  given  in  MIL-HDBK-5.  The  discrepancies  are  usually  small 
but  it  is  necessary  to  input  into  the  solution  strength  and  strain  failure 
properties  at  each  station  which  are  precisely  consistent  with  Equation  (78). 


Having  determined  the  member  strains,  per  Equations  (76)  to  (78)  as 
appropriate,  the  relative  displacement  between  the  members,  at  the  next 
station,  follows  for  Equations  (69)  and  (70)  as 

6(k+i)  =  62(k+i)  “  6l(k+i)  (79) 

as  shown  in  Figure  24.  This,  in  turn,  permits  a  new  Increment  of  fastener 
load  transfer  to  be  evaluated  on  the  basic  of  Equations  (54)  to  (62). 


Actually,  for  the  example  shown  in  Figure  24,  there  would  be  no  transfer  of 
load  at  station  (k+l).  Therefore,  between  stations  (k+i)  and  (k+2), 

Equations  (67)  and  (68)  would  be  modified  to  read 

Tl(k+2)  =  Tl(k+1)  +  piA(k) 
and 

T*(k+2)  *  T2(k+l)  "  P2~(k)' 

However,  Equations  (69)  through  (79)  would  be  applied  in  precisely  the  same 
manner  for  the  next  Increment  of  the  joint. 

In  analyzing  such  a  multi  row  joint,  one  can  specify  the  load(s)  in  members  1 
and  2  at  the  start  (left  end)  of  the  joint  and  seek  such  a  value  of  the  first 
fastener  load  that  the  boundary  conditions  are  satisfied  at  the  far  (right) 
end  of  the  joint.  Alternatively,  In  seeking  the  elastic  and  ultimate  joint 
strengths,  one  can  specify  the  displacement  differential  between  the  members 


at  the  first  row  of  fasteners  and  iterate  on  the  assumed  applied  load  until 
satisfaction  of  the  boundary  conditions  at  the  other  end  of  the  joint 
indicates  the  convergence  has  been  attained. 

The  application  of  the  methods  described  above,  for  tensile  loading,  to 
situations  in  which  the  applied  loads  are  compressive  is  straightforward, 
requiring  only  some  sign  changes  and  modifications  to  the  Ramberg-Osgood 
relations  (78).  The  same  method  can  be  adapted  also  to  in-plane  shear 
loading,  just  as  was  done  in  Reference  2  for  bonded  $tepped-lap  joints,  by 
replacing  the  various  Young's  moduli  E  by  the  shear  moduli  g  =  E/2(i+v). 
While  the  analysis  can  thus  be  made  to  compute  the  load  sharing  for  a 
specified  applied  load,  the  lack  of  suitable  test  data  make  it  difficult  to 
predict  the  failure  strength  for  in-plane  shear  loading. 

3.5  FAILURE  CRITERIA  AT  FASTENER  HOLES 

Having  computed  the  bearing  loads  and  bypass  loads  at  each  station  throughout 
the  joint,  it  is  still  necessary  to  assess  whether  or  not  that  combination  is 
capable  of  causing  the  joint  to  fail.  In  the  case  of  conventional  ductile 
metal  members,  this  customarily  is  a  simple  problem  since  only  minimal 

interaction  is  considered  between  the  two  load  components.  With  fibrous 

composites,  however,  that  is  not  so.  The  use  of  a  linear  or  kinked 

interaction  for  composites  is  explained  in  References  10  and  11,  and 
illustrated  in  Figure  2 8  for  tensile  loading.  The  linear  interaction  for 
narrow  strips  is  the  consequence  of  a  tensile  (through-the-hole)  failure 
regardless  of  the  ratio  of  bearing  to  bypass  load.  The  use  of  wider  strips, 
or  greater  bolt  spacing,  is  seen  to  permit  distinct  bearing  and  tension 

failure  modes,  so  a  two-straight-line  interaction  is  necessary.  The  question 
of  just  what  constitutes  the  optimum  width-to-diameter  ratio,  in  the  sense  of 
maximizing  the  joint  strength,  is  discussed  fully  In  Reference  11.  In  most 
cases  it  is  found  that  having  the  bolts  just  a  little  too  close  together  to 
permit  bearing  failures  maximizes  the  strength.  However,  sometimes  a  weaker 
joint  is  preferred,  on  the  basis  that  bearing  failures  are  more  forgiving. 
That  aspect  of  joint  design  in  composites  is  beyond  the  scope  of  this  paper. 
For  the  present  It  suffices  to  say  that  any  analysis  of  multirow  structural 
joints  in  fibrous  composities  should  cover  both  possibilities. 
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FIGURE  28.  BEARING/BYPASS  LOAD  INTERACTION  FOR  LOADED  BOLTS 
IN  ADVANCED  COMPOSITES 

Figure  28  has  been  prepared  for  the  most  usual  test.  case,  tensile  loading. 
However,  the  general  case  must  include  compression  as  well,  as  in  Figure  29. 
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NOTE:  ONLY  TWO  BASIC  CONDITIONS  POSSIBLE.  OTHERS  ARE  MIRROR  IMAGES  OP  THESE  TWO. 


FIGURE  29.  EXTREMES  OF  BEARING-BYPASS  LOAD  INTERACTIONS 
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It  is  important  to  note  that,  as  shown  in  the  bottom  of  Figure  29,  all 
possible  seemingly  different  combinations  of  bearing  and  bypass  load  can  in 
fact  be  reduced  to  one  of  only  two  cases,  by  identifying  as  the  bypass  load 
the  numerically  smaller  load  on  one  side  of  each  fastener  station.  For 
fibrous  composite  materials,  these  bearing-bypass  interactions  are  strongly 
dependent  upon  the  fiber  pattern  as  well  as  the  material  constituents  and,  in 
the  case  of  tension-bearing  interactions,  are  dependent  on  the  geometry  as 
well.  It  is  evident,  however,  that  each  of  the  interactions  can  be  defined 
by  three  points  with  straight  line  interpolation,  as  shown  in  Figure  30. 


BEARING  BEARING 


BYPASS  LOAD  BYPASS  LOAD 

FIGURE  30.  IDENTIFICATION  CODE  FOR  BEARING-BYPASS  LOAD  INTERACTIONS 

The  physical  explanation  of  the  various  line  segments  in  Figure  30  is  as 
follows.  Along  AC,  the  criterion  is  that  the  total  load  (bearing  plus 
bypass)  is  sufficient  to  fail  the  net  section  while,  along  BC,  there  would  be 
a  local  bearing  failure,  which  would  transfer  load  to  other  fasteners.  The 
line  EF  represents  a  gross-section  compressive  failure  through  the  filled 
fastener  hole  while,  along  E'F',  the  inability  to  transmit  direct  bearing 
through  a  loose  fastener  reduces  the  compressive  load  capacity  because  of  the 
reduced  effective  section.  Along  FD,  the  combination  of  bearing  and  bypass 
stress  is  sufficient  to  induce  a  bearing  failure.  The  heights  of  the  points 
B  and  D  above  the  origin  0  are  strongly  dependent  on  whether  the  load  is 


transferred  through  simple  shear  pin,  a  countersunk  fastener,  or  protruding 
head  fasteners  with  washer.  Likewise,  one  difference  between  single-  and 
double-shear  attachments  would  be  apparent  in  the  different  locations  of 
points  8  and  I).  The  generation  of  curves  such  as  in  Figure  30  for  fibrous 
composites  relies  on  either  testing  or  empirical  interpretation  of  prior  test 
data. 

The  rectangular  outer  envelopes  in  Figure  29  are  only  mathematical 
curiosities  which,  nevertheless,  must  be  included  in  the  computer  coding  to 
be  able  to  recognize  improperly  Input  data.  Since  the  tensile  bypass  load 
shown  is  the  difference  between  the  total  net  section  load  and  the  bearing 
load  there  must  be  some  interaction  for  even  the  most  ductile  materials. 
This  is  explained  in  Figure  31.  The  physical  limits  on  the  envelopes  shown 
in  Figure  31  are  that  the  net  section  strength  is  constant  for  tensile  load 
and  is  not  reduced  by  any  applied  bearing  load  while,  for  compression,  the 
total  bearing  allowable  is  constant  and  is  the  sum  of  the  applied  bearing  and 
bypass  (or  carry-through)  stresses.  The  computer  program  is  coded  to  detect 


FIGURE  31.  OUTER  ENVELOPE  OF  BEARING-BYPASS  LOAD  INTERACTIONS 


any  violation  of  this  situation.  If  possible,  incorrect  input  data  is 

modified  and  noted.  If  not,  the  solution  is  aborted. 

Obviously,  the  likelihood  of  a  failure  at  some  intermediate  station  between 
fasteners  is  remote  because  of  the  lack  of  any  bearing  stress  there,  but  the 
computer  coding  should  cover  that  possibility  for  such  a  case  as  improperly 
proportioned  sculpturing  to  soften  the  load  on  the  end  fastener,  along  the 
lines  of  Figure  25.  Since  the  joint  strength  varies  from  station  to  station, 
the  failure  criteria  must  be  determined  for  each  location.  For  fibrous 

composites,  the  methods  described  in  References  10  and  11  can  be  used.  The 
standard  methods  for  evaluating  the  equivalent  properties  for  ductile  metals 
are  described  in  References  12  and  13.  It  should  be  noted  that  it  is 

customary  to  express  the  failure  criteria  differently  -  gross  section  strains 
for  fibrous  composites  and  net  section  stresses  for  ductile  metals. 

3.6  EXPERIMENTAL  DETERMINATION  OF  INPUT  DATA  FOR  COMPUTER  ANALYSIS 

The  analysis  above  has  been  coded  as  the  Fortran  IV  digital  computer  program 
A4EJ  which  is  described  in  Volume  II  of  this  report  where  complete  user 
instructions  are  provided.  In  comparison  with  the  earlier  program  A4EI  for 
stepped-lap  bonded  joints  and  doublers,  there  is  a  considerable  increase  in 
the  amount  of  data  needed  to  define  the  problem  for  bolted  joints. 

Unfortunately  much  of  the  data  must  be  generated  on  the  basis  of  tests  that 
are  specific  to  individual  fasteners  in  particular  members  and  must  be 
repeated  for  different  thicknesses,  diameters,  fiber  patterns,  and  so  on. 
Further,  many  of  the  past  tests  on  this  subject,  as  in  References  10  and  11, 
were  conducted  with  less  ambitious  recording  of  the  data  because  the  needs 
established  here  had  yet  .to  be  identified.  It  is  hoped  that,  now  that  the 
analysis  has  been  developed,  it  will  be  possible  to  plan  a  new  test  program 
for  bolted  and  riveted  joints  in  fibrous  composite  structures. 

Despite  this  seemingly  unpromising  situation  for  the  present,  there  is  a 
considerable  body  of  experimental  and  empirical  data  available  for  the 
mechanical  attachment  of  metal  structures.  Reference  14  contains  an 
empirical  formula  for  the  load -deflection  chara  teristics  of  individual 
fasteners. 
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(82) 


where  E  is  Young's  modulus  of  the  members  being  joined,  a  is  the  fastener 
diameter,  and  ti  and  t2  are  the  member  thicknesses. 

Established  values  of  the  coefficients  A  and  b  are 


A  =  5-0  ,  B=0.8  for  aluminum  rivets  (83) 

A  =  5-0/3  ,  B  =  0.86  for  steel  fasteners  (84) 

and  the  the  author  of  Reference  14  has  recommended  the  use  of 


A  =  5. 0/1. 6  ,  B  =  0.82 


for  titanium  fasteners. 


(85) 


Whenever  members  of  different  moduli  are  fastened  together,  it  would  seem  to 
be  appropriate  to  use  the  lower  modulus  as  the  primary  value  of  E  and  to 
adjust  the  thickness  of  tj  or  t2  to  compensate  tor  the  higher  modulus.  Until 
there  is  a  significant  data  base  established  to  endorse  or  refute  the  use  of 
Equation  (82)  for  fibrous  composites,  it  should  be  used  with  caution.  But, 
in  the  absence  of  other  verified  information,  there  would  seem  to  be  little 
alternative  to  the  use  of  that  or  similar  formulae. 


Now,  having  established  the  slope  of  the  linear  portion  of  the  load- 
deflection  characteristic  in  Figure  22,  it  remains  to  establish  the 
proportional  limit  and  the  nonlinear  behavior.  The  end  of  the  elastic  curve 
can  be  estimated  as  the  yield  bearing  strength  of  the  weaker  member  at  each 
fastener  station.  This  strength  p  ,  will  obviously  vary  along  the  length  of 
a  stepped  joint  as  the  member  thicknesses  progress  from  the  unbalanced  ends 
of  the  joint  to  the  balanced  middle.  The  ultimate  strengths  p  can  be 

U±T< 

established  the  same  way.  However,  the  slopes  k  -  of  the  nonlinear  portions 

pi 

are  not  as  well  defined. 


Obviously,  there  is  much  testing  remaining  to  be  done  to  make  full  use  of 
this  analysis,  but  the  considerably  increased  definition  available  in  the 
solutions  demands  a  commensurate  increase  in  the  input  data. 
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3.7  SAMPLE  SOLUTIONS 


Three  examples  illustrate  the  capabilities  of  this  new  analysis  program.  One 
concerns  a  design  for  fibrous  composite  structure  while  another  is  an 
after-the-fact  analysis  of  a  thick  metal  splice  and  the  third  is  a  design 
study  in  thin  metal  splices. 

Graphite-Epoxy  Wing  Spar  Cap  Splice 


Figure  32  summarizes  the  results  of  an  analysis,  by  the  A4EJ  computer 
program,  of  a  design  for  a  spar  cap  splice  at  the  side  of  a  fuselage  for  a 
large  transport  aircraft  which  might  be  built  from  advanced  composites. 
Because  of  the  high  aspect  ratio  of  the  wing,  the  load  intensity  is  much  more 
severe  than  on  any  existing  application,  with  the  possible  exception  of  the 


F- 18  wing  skin  root  fittings,  which  is  presumably  much  more  heavily  loaded 
than  are  any  of  the  horizontal  tails  on  the  F-15,  F- 16 ,  or  F-18.  The  total 


splice  length  shown  in  Figure  32  is  20.25 


bolts  perpendicular  to  the  thirteen  shown  in  each  row,  it  is  quite  a  massive 


joint. 


3D  EDGE  DISTANCE  HTS  GRAPHITE-EPOXY  FIBROUS  COMPOSITE 
2*6  cm  FIBER  PATTERN:  373%  0\  50%  ±  45*.  123%  SO* 

<1.125  IN.) 


PREDICTED  FAILURE  LOAD -225 5  kN  (50703  LB) 

PREDICTED  GROSS  SECTION  FAILURE  STRAIN^  00039 

PREDICTED  NET  SECTION  FAILURE  STRESS = 3494  MPa  <50.7  tal) 

PREDICTED  FAILURE  MOOE  TENSION  THROUGH  FIRST  FASTENER  HOLE 

PEAK  BOLT  LOAD  < AT  ENDS)- 22.7  KN  <5093  LB)  1 

1  :  RATIO  15 

MINIMUM  BOLT  LOAD  <IN  MIDOLE)=  145  kN  <3317  LB)  j 


FIGURE  32.  BOLTED  COMPOSITE  JOINT 
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One  very  significant  result  shown  in  Figure  32  is  that  the  predicted  gross 
section  failure  strain  is  0.0039,  roughly  half  way  between  the  loaded  hole 
strain  level  of  0,0035  and  that  for  unloaded  holes  of  0.0042.  One  should 
not,  therefore,  expect  any  significant  improvement  in  strength  to  be  possible 
as  the  result  of  even  the  most  thorough  redesign.  The  other  significant 
finding  is  that,  because  the  members  cannot  possible  be  tapered  down  to  a 
point,  and  the  first  fastener  could  not  be  located  there  anyway,  the  load 
distribution  is  not  uniform.  The  end  bolts  pick  up  1.5  times  as  much  load  at 
those  in  the  middle.  Actually,  that  ratio  would  have  much  higher  still  had 
there  been  no  tapering  at  all.  The  significant  point  to  be  recognized  here 
is  that  it  is  not  possible  to  design  a  linearly  tapered  multi-row 
mechanically  fastened  joint  which  approaches  the  uniformity  in  load  transfer 
of  a  bonded  scarf  joint. 
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FIGURE  33.  INFLUENCE  OF  HOLE  CLEARANCE  ON  STRENGTH  OF  BOLTED  JOINTS 


Figure  33  records  some  perturbations  on  the  basic  solution  in  Figure  32  due 
to  minute  and  gross  clearances  around  the  end  fasteners.  The  0.001  inch 
radial  clearance  actually  increases  the  strength  because  it  softens  the  end 
fasteners  and  decreases  their  bearing  loads  slightly.  The  gross  clearance  of 
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0.010  inch  around  the  end  fasteners,  on  the,  other  hand,  unloads  them  so  much 
that  more  of  the  basic  load  is  carried  through  to  the  next  fastener  station, 
where  the  thickness  Has  been  reduced  and  the  laminate  strength  also.  It  is 
clear  that,  in  tapered  splices  like  this,  it  is  important  that  the  outermost 
fasteners  in  particular  are  not  loose.  Otherwise  there  will  be  a 

disproportionate  loss  of  strength.  In  metal  structures,  however,  there  would 

be  enough  yielding  to  redistribute  the  loads  and  increase  strength  prior  to 
fail ure. 

Metal  Wing  Skin  Splice 

The  splice  shown  in  Figure  34  is  one  of  many  splices  actually  tested  in  the 
development  of  the  wing  skin  splice  at  the  side  of  the  fuselage  for  a  large 

transport  aircraft.  The  fasteners  near  the  tip  of  the  splice  plates  are  of 
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FIGURE  34.  BOLTED  METAL  JOINT 


lesser  diameter  than  the  others  to  equalize  the  load  sharing.  The  success  of 
this  design,  using  older  methods  established  at  least  ten  years  prior  to  this 
analysis,  can  be  gaged  from  the  predicated  net  section  failure  stress  of  50. 8 
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ksi,  in  comparison  with  the  design  target  of  52  k  s 1 .  The  seemingly 
disproportionate  thickness  of  the  splice  plates  whe^e  the  skins  butt  together 
is  needed  to  try  and  equalize  the  load  transfer  at  each  end  of  the  overlap. 

The  first  and  last  bolts  shown  do  transfer  close  to  the  same  load.  Figure  34 
indicates  some  of  the  quite  extensive  internal  definitions  of  the  load 
transfer  and  stress  states  within  the  joint  that  this  analysis  can  provide. 

Metal  Fusel ag*  Skin  Splice 

The  thick  tapered  splice  shown  in  Figure  34  is  unsuitable  for  use  in  the  much 
thinner  fuselage  structure,  so  It  is  more  usual  to  employ  scalloped  or 
1  oli 1  popped  edges  on  splice  plates  and  doublers  there,  as  shown  in 

Figure  25.  This  Is  true  for  bonding  such  structures  also.  Apart  from  the 
difficulty  of  handling  thin  tapered  strips  without  damaging  them,  there  is  a 
further  reason  for  preferring  a  wavy  edge  to  the  splices.  The  variation 
along  the  edge  makes  earlier  crack  detection  possible,  minimizing  both  the 
likelihood  of  catastrophic  failure  and  the  size  of  repair  needed.  A  skin 
crack  could  grow  far  longer  before  detection  If  it  were  concealed  under  a 

uniform  tapered  doubler  rather  than  periodically  exposed  for  visual 
inspection  by  a  routed  sculptured  edge. 

Figure  35  presents  a  comparison  between  different  fuselage  skin  splice 
designs,  with  a  basic  uniform  splice  with  the  same  number  of  rivets  for 

reference.  Since  it  has  been  shown  in  Reference  11  that  the  load  on  a 

fastener  induces  a  hoop  stress  around  the  hole  of  the  same  order  of  magnitude 
as  the  average  bearing  stress,  the  fatigue  life  of  the  lollipopped  designs 
should  be  much  greater,  as  has  often  been  shown  by  test.  The  skin  is  most 
frequently  critical  through  the  first  row  of  attachments.  The  reasons  for 
omitting  every  second  fastener  in  that  outermost  row  are  that  it  increases 
the  static  stength  of  the  joint,  because  of  the  reduced  net  area  loss,  and  it 
means  that  any  cracks  which  may  initiate  have  further  to  grow  before  they 
could  join  up  and  rip  the  skin  apart.  These  advantages  outweigh  the 
consequent  increase  of  bearing  stress  on  those  end  fasteners,  with  respect  to 
having  hao  twice  as  many  fasteners  to  share  that  load. 
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INTERNAL  LOADS  FOR  COMMON  I  P  LOAD  OF  840  LB/IN. 

NCTIS 

1  ULTIMATE  STRENGTHS  ARE  2121  llftN.  FOR  lAflC  iOlNT  AND  Mil  l IAN.  FOR  LOlL«RO»EO  SALICE,  CORRESAONOING  WITH  REMOTE  SHIN  STRESSES  OF 
44  AND  M  KSI.  RESPECTIVELY 

2  EACH  SPLICE  HAS  THE  SAME  NUMfER  OF  RIVETS 

i  FURTHER  OTUfiiZATlON  OF  REFINED  9PUCE  COULD  ENHANCE  FATIGUE  LIFE  |Y  REDUCING  END  FASTENER  LOAO.  RUT  ULTIMATE  STRENGTH  WOULD  NOT 
•«E  WflOVEO. 


FIGURE  35.  COMPARISON  BETWEEN  BASIC  AND  REFINED  FUSELAGE  SKIN  SPLICES 

The  softening  by  scalloping  which,  is  shown  in  Figure  35,  is  also  applied  to 
slightly  thicker  structure,  where  stringers  are  spaced,  fo<"  example.  The 
computer  program  A4EJ  now  makes  it  possible  to  perform  parametric  studies  to 
optimize  the  proportions  of  all  such  design  details.  It  might  even  be 
possible  now  to  design  by  analysis  rather  than  test,  for  the  first  failure  to 
occur  irt  the  splice  plate,  which  is  easier  to  replace  than  the  skin. 

In  thin  sheet-metal  structure,  it  is  conrron  to  have  multiple  splice  elements 
which  do  not  all  start  at  the  same  fastener  location.  There  are  therefore 
two  or  more  rows  of  fasteners  which  are  subjected  to  peak  loads.  Once  the 
use  of  this  program  A4EJ  has  been  mastered,  it  is  possible  to  obtain  a 
reasonable  representation  of  the  internal  loads  in  such  splices,  as  shown  in 
Figure  25,  by  selectively  lumping  the  skin  and  doubler  together  to  cover  one 
end  of  the  joint,  while  the  doubler  and  splice  would  be  lumped  together  to 
characterize  the  other  end.  This  takes  two  runs  and  obviously  will  not  cope 
with  all  such  situations.  There  is  a  need,  therefore,  to  try  and  modify  the 
existing  coding  to  account  for  multiple  splice  elements  some  day.  The  limit 
to  such  work  is  anticipated  to  be  in  the  computer  run  times.  For  example,  if 
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It  takes  100  iteration  cycles  to  solve  a  problem  with  a  single  (or  symmetric) 
splice,  it  would  take  10,000  cycles  if  there  were  two  splice  plates  of 
different  widths.  That  must  be  weighed  against  the  cost  of  inputting  two 
models  to  approximate  the  problem  with  two  runs  on  the  present  program.  The 
author  believes  that  there  Is  a  case  for  a  three-member  splice  analysis,  but 
not  for  any  more  than  that,  even  though  the  recoding  effort  would  be  the 
same.  Eventually-  designers  must  face  up  to  standardized  design  concepts 
within  the  capability  of  then  current  analyses  for  any  future  project  or 
incur  the  ever  increasing  expense  in  money  and  time  of  specific  detailed 
finite-element  analysis  or  physical  testing,  for  gains  that  are  often 
imperceptible  with  respect  to  simpler  concepts  if  done  well. 

Improvement  Of  Bolted  Joint  Designs  To  Enhance  Fatigue  Lives 

None  of  the  examples  discussed  above  would  qualify  as  a  poorly  designed 
joint,  so  they  provide  no  standards  against  which  other  joints  can  be 
assessed.  It  Is  appropriate,  therefore,  to  include  a  comparison  between  a 
multi  row  bolted  joint  in  which  no  design  finesse  at  all  was  employed  and  one 
In  which  a  reasonable  degree  of  expertise  had  been  applied.  This  comparison 
is  evident  in  the  different  designs  and  analyses  shown  in  Figures  36  and  37. 
These  joints  are  idealized  in  the  sense  that  there  would  have  to  be  support 
structure  to  react  the  eccentricity  in  load  path  and  that  the  bolt  failure  in 
Figure  36  could  easily  be  avoided  by  a  double-strap  splice  design  with  the 
bolts  in  double  shear.  Nevertheless,  there  are  several  important  conclusions 
to  be  drawn  from  these  examples. 

While  the  uniformity  of  lead  transfer  in  Figure  37  is  far  superior  to  that 
shown  in  Figure  36  (withing  4  percent  for  normal  operating  loads),  the 
inefficiency  in  Figure  36  is  nowhere  near  as  severe  as  similar  analyses  in 
adhesively  bonded  structures  would  suggest.  The  forty  percent  inefficiency 
shown  would  become  much  higher  for  thinner  more  extensible  members  and  for 
more  rows  of  bolts,  however,  but  would  probably  never  approach  the  10  to  1 
ratio  needed  between  the  peak  and  minimum  adhesive  shear  stresses  in  durable 
bonded  joints. 

The  ultimate  strengths  of  the  two  joints  shown  in  Figures  36  and  37  differ  by 
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LOAD  IS  INCREASED,  BECAUSE  MEMBERS  YIELD  ONLY  AT  HIGHLY  LOADED  ENDS,  NOT 
EVERYWHERE. 

FIGURE  36.  BOLT  LOAD  DISTRIBUTION  IN  POORLY-DESIGNED  MULTIROW  BOLTED  JOINT 
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FIGURE  37.  BOLT  LOAD  DISTRIBUTION  IN  IMPROVED  DESIGN  FOR  MULTIROW  BOLTED  JOINT 
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only  8  percent.  While  that  represents  j  significant  improvement,  the 
inevitable  criticality  of  the  net  section  at  the  outermost  fasteners  makes  it 
very  difficult  to  make  major  Improvements  to  the  ultimate  strength  of  joints 
by  techniques  which  yield  substantial  benefits  in  the  fatigue  resistance  of 
the  joint.  The  fifteen  percent  reduction  in  bearing  stress  on  the  outermost 
fasteners  in  Figure  37  could  easily  double  the  number  of  load  cycles  neeeded 
to  fail  the  joint  In  Figure  36. 

Figure  37  represents  only  a  single  estimate  of  proportions  to  Improve  the 
joint  in  Figure  36.  Yet  It  came  within  4  percent  of  a  perfect  load 
transfer*  This  implies  that  the  theoretical  benefits  of  scarf  joins  (which 
are  in  practice  not  fully  obtainable  because  of  the  finite  thickness  at  the 
outermost  bolts)  can  be  approached  very  closely  with  relatively  far  less 
effort.  In  other  wo'-ds,  tne  benefits  from  a  little  bit  of  design  finesse  are 
substantial  and  should  always  be  sought.  Conversely,  the  residual  benefits 

to  be  gained  from  precise  optimization  are  disproportionately  small  in 
comparison  with  the  effort  expended  to  improve  on  the  first  refinements. 

In  the  example  shown,  it  is  obvious  that  reducing  the  diameter  of  the 

outermost  fasteners  would  not  enhance  the  joint  strength  because  the  bolt 
strength  would  decrease  faster  than  the  stiffness.  In  a  similar  design  for  a 
double-shear  joint,  however,  the  computer  program  A4EJ  would  provide  a  rapid 
estimate  of  any  benefits  to  be  gained  by  such  a  modification. 

It  is  most  unlikely  that  a  joint  with  such  an  abrupt  load  transfer  as  shown 
in  Figure  36  would  be  designed  today.  However,  that  situation  could  arise  in 
service  due  to  a  fatigue  crack  grown  through  a  continuous  member  like  a  wing 
spar  cap,  for  example.  Thus,  the  new  analysis  can  ba  used  also  to 

investigate  the  damage  tolerance  of  bolted  structures  as  well  as  the  load 

transfer  in  the  virgin  structure. 

3.8  CONCLUSIONS 

The  nonlinear  behavior  and  increased  internal  definition  of  this  new  bolted 
joint  analysis  represent  considerable  extensions  beyond  the  prior  state  of 
the  art. 
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This  increase  in  analysis  capability  in  turn  demands  a  more  extensive 
experimental  data  base  for  input.  Some  such  Information  may  be  provided  also 
by  other  analysis  programs  for  individual  loaded  fasteners  in  specific  stress 
fields. 

Even  without  precise  data,  however,  the  program  can  be  very  effective  for 
parametric  studies  using  only  estimated  input  values. 

Since  this  is  a  continuum  mechanics  analysis,  rather  than  one  based  on  finite 
elements,  the  computer  run  times  are  extremely  short.  The  amount  of  input 
needed  is  significantly  greater  than  for  the  earlier  stepped-lap  bonded  joint 
analysis  program  A4EI  because  of  the  increase  in  number  of  parameters  needed 
to  define  the  behavior  at  each  station. 


The  sample  solutions  described  shew  that  the  computer  program  A4EJ  is  a 
useful  tool  in  analyzing  multi  row  bolted  joints,  in  both  fibrous  composite 
and  metal  structures. 


SECTION  4 


NONLINEAR  ANALYSIS  OF  BONDED/BOLTED  JOINTS 


4.1  INTRODUCTION 

Separate  nonlinear  analyses  for  the  load  transfer  in  adhesive-bonded  joints 
and  multi  row  bolted  joints  are  given  in  Sections  2  and  3  of  this  report. 
When  adhesive  bonding  is  used  in  conjunction  with  mechanical  fastening,  one 
cannot  sum  the  individual  joint  strengths  because  the  individual  stiffnesses 
of  each  load  path  differ.  So  also  do  the  strains  to  failure.  The  function 
of  the  analysis  method  reported  here  is  to  be  able  to  characterize  the 
combined  load  transfer,  accounting  for  the  compatibility  of  deformations. 
Depending  on  one's  point  of  view,  one  purpose  of  this  investigation  may  be 
regarded  as  exposing  once  and  for  all  the  futility  of  combining  bolting  and 
bonding,  to  increase  joint  strength,  by  means  of  a  nonlinear  analysis  so 
thorough  that  there  can  no  longer  be  any  doubts  about  the  inefficiency  of 
such  a  combination.  However,  that  would  not  be  a  reasonable  attitude  to 
adopt  because,  in  a  broader  context,  there  is  a  very  legitimate  need  to  know 
such  things  as  the  consequence  of  installing  a  fastener  through  a  bonded 
joint  not  to  augment  the  shear  transfer  but  to  tie  in  to  some  other  structure 
or  fitting.  Also,  of  course,  the  introduction  oF  load  in  test  coupons 
throuqh  a  bolt  via  bonded-on  reinforcing  doublers  is  a  widespread  standard 
practice. 

By  far  the  higgest  justification  for  the  development  of  such  a  combined 
bonded/bolted  joint  analysis  capability  is  to  be  found  in  imperfect 
structures.  Here  there  are  many  classes  of  problems  in  which  the  combination 
of  bonding  and  bolting  offers  unique  advantages,  and  these  provide  the  real 
payoff  from  this  new  capability.  The  sample  solutions  presented  in  this 
report  have  heen  selected  specifically  to  explain  such  applications  as  well 
as  to  illustrate  the  capabilities  of  the  analysis  program.  The  first  group 
of  these  applications  is  the  repair  of  what  was  originally  intended  to  be 
purely  adhesively  bonded  structure  but  which  has  suffered  from  either  flaws 


which  occurred  during  manufacture  or  from  damage  in  service.  Such  a 
combination  was  even  employed  as  a  standard  production  fix  for  a 
design/manufacturing  problem  on  one  modern  aircraft.  The  second  group  of 
these  applications  is  the  enhancement  of  the  damage  tolerance  of  thick  bonded 
structures,  particularly  those  made  from  fibrous  composites.  The  prior 
understanding  of  fail-safety  due  to  the  combination  of  rivets  and  bonding  has 
been  far  less  than  adequate,  so  the  opportunity  is  taken  here  to  present  a 
thorough  discourse  on  this  subject  in  the  process  of  illustrating  the 
capabilities  of  the  analysis  program.  Briefly,  for  light-loaded  structure, 
adhesive  bonding  provides  a  fail-safe  load  path  to  overcome  the  weakness 
caused  by  tearing  along  a  line  of  fasteners.  For  heavily-loaded  structure, 
on  the  other  hand,  mechanical  fasteners  can  be  very  effective  in  preventing 
widespread  unzipping  triggered  by  what  was  initially  quite  localized  load 
redistribution  around  a  damaged  or  defective  bond. 


There  is  no  discussion  here  of  the  derivation  of  the  analysis  methods  used  in 

t^A  HAt.(  CADTOAM  T\l  ^4  4*  'll  A  AAiMuf  AM  mmmam^m  ^  4  Cl/  k  AA  ^  I  .  a  a  f  U  k  am  a.  1  aa  A  VA  ,  » 

i  ic  new  I  wi\  i  i\nn  m  u  ty  i  uu  i  w>vnn^u  mi  \J  i  vi^i  Qin  mur\  UCUOMOC  liiaw  an  cuuj 

been  covered  fully  in  Sections  2  and  3  of  this  report.  The  combined  program 
is  capable  of  much  but  not  all  of  what  the  separate  programs  A4EI  and  A4EJ 
can  do  and  the  reader  is  referred  to  the  user  manual  and  listings  of  the 
computer  codes  (Volume  II  of  this  report)  for  full  details.  The  biggest 

difference  in  analysis  capability  is  that  the  absence  of  adhesive  bonding 

permitted  the  inclusion  of  nonlinear  ariherend  behavior  as  well  as  nonlinear 
load-deflection  curves  for  the  fasteners  in  the  bolted  joint  program  A4EJ, 

while  for  the  Donded/bolted  program  A4EK,  the  adherend  deformations  must 
remain  linearly  elastic  to  be  able  to  compute  the  load  transfer  through  the 
adhesive  bond.  Since  prior  work  has  shown  that  gross  yielding  of  the 
adherends  triggers  progressive  failure  of  adhesive  bonds,  this  is  not 

considered  a  significant  limitation.  The  shorter  length  of  the  purely  bonded 

analysis  program  A4EI  has  permitted  the  inclusion  of  an  extra  subroutine  to 
massage  the  input  data  and  Improve  the  computer  run  times.  Thus,  these  three 
new  programs  each  have  unique  capabilities.  However,  the  earlier  stepped-lap 
joint  analysis  programs  A4EF,  A4EG  and  A4EH  have  no  capabilities  not  found  in 
the  A4EI  program.  Yet  their  more  limited  capabilites  are  associated  with  a 
far  shorter  computer  code  so  that  they  may  be  more  desirable  for  small 

computers  or  for  subroutines  in  bigger  programs  on  larger  computers. 


4.2  REPAIR  OF  DEFECTIVE  BONDED  JOINTS  BY  MECHANICAL  ATT AC HI  ENTS 


Section  2  of  this  report  contains  several  sample  solutions  of  the  load 
transfer  through  a  substantial  titanium  to  graphite- epoxy  adhesive  bonded 
Joint.  These  include  both  the  basic  nominally  perfect  join^  and  three 
different  disbonds.  The  purpose  of  this  section  is  to  show  how  the  addition 
of  mechanical  fasteners,  in  the  form  of  5/16-inch  titanium  bolts,  can  modify 
the  original  solutions.  The  basic  joint  geometry  is  shown  in  Figure  38.  The 
composite  laminate  is  0.81  inch  thick,  while  the  titanium  is  0.51  inch  thick, 

and  the  overlap  is  6.0  inches.  It  was  shown  in  Section  2  of  this  report  how, 

by  progressive  redesign,  the  joint  strength  could  be  increased  significantly 
by  optimizing  the  proportions.  However,  these  refinements  are  not  compatible 
with  the  use  of  bolts  to  provide  an  alternative  load  path  with  which  to  repair 

local  disbonds  due  to  misfit  during  manufacture  or  damage  in  service.  So  the 

original  equally-stepped  geometry  is  used  in  these  new  examples,  with  only  a 
shortened  end  step  on  the  titanium. 


I-  AQHtSIVf  ERQPEHTItS  C  AQhERENQ  PROPERTIES 

J 


FIGURE  38.  STEPPED-lA.P  BONDED/BOLTED  JOINT 
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Figure  39  describes  the  load  transfer  through  the  bonded-fcolted  joint  and  is 
directly  comparable  with  Figure  25  In  Section  2  for  a  purely  bonded  joint. 
The  addition  of  seven  rows  of  fasteners  to  this  joint  is  actually  predicted 
to  decrease  the  joint  strength,  from  34,322  Ib/in.  to  33,096  lb/in.,  as 
revealed  by  comparing  Figure  39  with  the  equivalent  solution  here  in 
Figure  40  for  precisely  the  same  joint  without  any  fasteners.  The  reason  for 
this  decrease  is  a  change  In  failure  mode  and  location.  While  other  examples 
might  show  a  small  increase  in  strength,  the  assessment  of  load  transfer 
given  in  Figure  39  makes  it  clear  that  the  addition  of  fasteners  to  an 
unflawed  adhesive-bonded  joint  does  not  increase  the  joint  strength 
significantly.  In  the  example  shown  In  Figure  39,  the  adhesive  transfers 
over  98  percent  of  the  total  load.  That  may  seem  surprising,  since  it  shown 
In  Figure  41  that  the  fasteners  acting  alone,  without  any  adhesive,  could 
have  transferred  28,380  lb/in. ,  or  83  percent  as  much  as  the  adhesive  alone. 
The  reason  why  the  combination  does  not  work  well  together  is  the  gross 
dissimilarity  In  stiffness  between  the  two  load  paths.  Taken  together,  these 
three  solutions  seem  to  make  a  strong  argument  against  the  combination  of 
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adhesive  bonding  and  mechanical  fasteners.  Such  a  pessimistic  prediction  has 
been  found  to  be  true  for  several  joint  geometries  Investigated  during  the 
course  of  this  work.  A  well  manufactured,  well  designed  bonded  joint  is  very 
difficult  to  improve  upon,  particularly  when  one  considers  the  design 
refinements  described  in  Figures  8  and  9  of  Section  2  of  this  report  to 
increase  the  bonded  joint  strength.  Such  techniques  as  the  special  shortened 
end  step  on  the  titantium  plate  are  not  quite  compatible  with  the  subsequent 
additions  of  rivets  or  bolts. 

Before  proceeding  to  the  more  fruitful  applications  of  combined  bonding  and 
bolting,  below,  it  is  appropriate  to  comment  on  a  surprising  feature  of 
Figure  41.  The  end  bolts  pick  up  much  less  load  than  do  those  in  the 
middle.  This  is  in  marked  contrast  with  the  behavior  of  adhesive-bonded 
joints,  where  the  load  transfer  peaks  at  the  ends.  The  reason  for  this 
alleviation  in  Figure  41  is  that  the  end  steps  are  quite  thin  and,  therefore, 
those  fasteners  have  a  much  lower  effective  stiffness  than  those  nearer  the 
middle  of  the  joint.  If  the  members  being  bolted  together  were  uniformly 
thick,  the  end  fasteners  would  incur  a  disproportionate  share  of  the  load, 
just  as  for  bonded  joints. 

When  the  bolts  are  used  to  substitute  for  defective  or  damaged  bonds,  the 
pessimistic  picture  above  changes  dramatically.  This  is  shown  in  Figures  42, 
43,  and  44,  which  are  directly  equivalent  to  Figures  15,  16  and  17  of 

Section  2  of  this  report  for  flawed  bonded  joints  without  fasteners.  The 
strength  increases  due  to  such  bolted  repairs  are  seen  to  be  substantial  even 
though  they  remain  much  weaker  than  the  baseline  joint  in  Figure  39  or  40. 
What  is  of  special  interest  in  Figures  42,  43  and  44  is  that  the  fasteners 
still  transfer  so  little  of  the  load.  Their  effectiveness  follows  from 
relieving  the  stress  and  strain  concentrations  in  the  adhesive  immediately 
adjacent  to  the  flaw,  rather  than  in  the  load  they  transfer  themselves.  In 
other  words,  the  benefit  from  the  presence  of  the  bolts  is  that  they  permit 
the  remaining  adhesive  to  work  more  effectively.  The  strengths  of  the 
unrepaired  flawed  bonded  joints  are  shown  in  the  lower  left  corners  of 
Figures  42,  43  and  44  for  comparison.  (While  the  geometry  of  the  joint  in 
Figure  38  here  and  Figure  5  of  Section  2  is  slightly  different  because  of  the 
shortened  and  titanium  step  here,  the  effects  are  insignificant,  as  can  be 
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seen  by  comparing  the  purely  bended  joint  analyses  -  34,322  lb.  in  Figure  40 
here  and  ?.4,>}75  lb.  in  rigors  6  of  Section  2.) 

While  it  is  true  that  the  predicted  strength  for  the  fasteners  alone,  in 
Figure  41,  is  qreater  than  for  any  ov  the  repaired  bonded/bolted  joints  in 
Figures  42,  43,  and  44,  it  should  be  acknowledge!  that  Figure  41  represents 
an  ult4mate  load  condition,  with  subjtart 'al  damage  to  the  laminate  at  much 
lower  load  levels.  The  bonded/bolted  repaired  joints  would  last  much  longer 
in  service  than  the  same  joint  with  no  adhesive,  "t  is  not  clear  whether  the 
repaired  joints  would  default  to  the  greater  ultimate  strength  with  fasteners 
alone  because  the  weak  link  with  fibrous  composite  adherends  is  not  the 
adhesive  -  It.  is  delamination  of  the  adherends  -  so  the  initial  failure  might 
well  trigger  quite  a  different  final  failure. 

This  use  of  tha  combination  of  bonding  and  bolting  for  repairs  is  thus  seen 
to  expose  very  real  benefits  which  the  assessment  of  the  nominally  perfect 
bond  in  Figure  39 could  not  reveal. 


* 


- 


74 


FIGURE  45.  POTENTIAL  MANUFACTURING  PROBLEMS  WITH  STEPPED-LAP  BONDED  JOINTS 

The  likelihood  of  needina  such  repairs  due  to  manufacturing  difficulties  can 
be  minimized  bv  the  selection  of  the  design  and  fabrication  concept.  This  is 
explained  in  Figure  45,  in  which  the  central  titanium  stepped  plate  used  in 
conjunction  wl  Lh  co-cure  and  bonding  of  the  fibrous  composite  virtua’ly 
ensures  an  excellent  fit  without  any  of  the  difficulties  likely  to  be 
encountered  with  the  bonding  together  of  pre-cured  details.  Even  sandwiching 
the  pre-preq  between  split  external  titanium  plates  will  not  result  in  a  top 
quality  bond  because  there  is  no  escape  path  for  any  volatiles  generated 
during  the  cur  v  ever,  if  the  fit  were  otherwise  perfect. 

4.3  REPAIR  OF  DAMAGED  STRUCTURE  BY  BONDING  AND  BOLTING 

The  new  analysis  metnods  can  be  applied  also  to  the  repair  of  general  damage 
to  structure,  particularly  for  fibrous  composite  structures,  reg-irdless  of 
whether  such  damage  occurred  at  tne  site  of  an  existing  joint  or  not.  Since 
any  such  patch  can  be  recarded  as  two  joints  back-to-back,  the  same  theory 
and  analysis  methods  apply.  However,  for  the  repair  of  local  damage,  there 
are  redundant  load  paths  in  the  sense  that  the  interrupted  load  is  shared 
between  tht  surrounding  intact  structure  and  the  repair  member  itself. 
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FIGURE  46.  AOHESIVE-BONDED  REPAIR  OF  DAMAGE  TO  FIBROUS  COMPOSITE  STRUCTURES 

The  usual  procedure  in  the  repair  of  local  damage  to  fibrous  composite 
structure  is  shown  in  Figure  46.  The  damaged  area  1$  first  trironed  to  a 
smooth  contour.  Depending  on  the  application,  the  resulting  hole  may  or  may 
not  be  filled.  Finally,  the  damaged  area  is  covered  by  a  larger  patch,  to 
transmit  scs.it  (or  all)  of  the  load  which  had  been  Interrupted  by  the  damaged 
area.  There  are  two  potential  sites  at  which  the  bond  may  become  critical. 
One  is  at  the  outer  perimeter  of  the  patch  and  the  other  is  at  the  edge  of 
the  hole,.  The  fact  that  care  must  be  taken  at  both  locations  is  often 
overlooked.  There  have  been  premature  failures,  with  excellently  detailed 
runouts  at  the  edge  of  the  patch,  which  were  due  to  the  abrupt  thickness 
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discontinuity  at  the  edge  of  the  hole.  The  understanding  of  this  problem  has 
been  complicated  by  the  fact  that  what  seems  to  have  been  the  very  same 
repair  concept  which  had  been  tested  satisfactorily  in  small  scale  had  failed 
when  scaled  up.  While  the  bond  area  had  t)een  scaled  up,  the  adhesive 
thickness  had  not  been  and  that  omission  changed  the  relative  strength  of  the 
adhesive  and  adherends,  resulting  in  a  pronounced  change  in  failure  mode. 
Therefore,  one  should  expect  to  relieve  the  stress  concentrations  at  both 
perimeters  of  the  adhesive  bond  annulus,  as  shown  in  Figure  46,  to  develop 
the  maximum  strength  from  such  a  bonded  repair. 

Having  attended  to  such  design  details  for  bonded  repairs,  the  next  step  is 
to  analyze  the  repair  concept.  By  inspection,  the  most  severely  loaded 
location  is  a  unit  scrip  along  a  diameter  of  the  hole,  in  line  with  the 
principal  load  direction.  Before  the  analysis  of  that  strip  can  be 
performed,  however,  it  is  necessary  to  establish  how  much  of  the  load  remains 
in  the  skins,  to  be  diverted  around  the  hole,  and  how  much  passes  through  the 
patch,  over  the  hole.  Strictly,  one  would  need  a  finite-element  analysis  to 
establish  that  precisely;  but  the  method  described  in  Figure  47  provides  a 


t  t  t  t  |  it  t  t  t 


i  i  1  I  1  I  i  I  l  l 


STIFFNESS  FROM  C  TO  D 
t*  a  i 

k - -  —  - - 

6  (C  O 
STIFFNESS  FROM  A  TO  0 


3D 


f«  )  BEHAVIOR  OF  UNREPAIRED  SKIN  WITH  HOLE 


k  -  Epyo 


LOAD  IS  SHARED  ROUGHLY  IN  RATIO  OF 
RtLATIVE  STIFFNESSES.  SO  LOAD  PASSING 
THROUGH  UNIT  STRIP  OF  0OND  SHOWN  IS 


E. \ 
3tpW 


Of  total 


Us. I  LOAD  SHARIVi;  AFTEFI  PATCH  BONDED  ON 
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reasonably  close  approximation  which  can  he  evaluated  with  nc  more  than  a 
pocket  calculator.  The  load  intensity  along  the  strip  to  be  analyzed  can 
then  be  established  by  load  sharing  in  proportion  to  the  relative  stiffnesses 
of  the  load  paths,  as  shown  in  part  B  of  Figure  47, 

A  simple  but  particularly  powerful  rule  to  remember  in  this  kind  of 
assessment  is  that  a  hole  In  an  isotropic  plate  under  uniaxial  loading 
Increases  in  diameter  or  radius  precisely  three  times  as  much  as  the  same 
length  In  an  area  remote  from  the  hole,  as  shown  in  part  A  of  Figure  47. 
Thus,  the  stiffness  of  the  load  path  diverted  around  an  open  hole  is  only  one 
third  as  great  as  for  the  original  structure.  This  softening  is  quite 
heneficial,  since  it  diverts  load  away  from  the  damaged  area.  The  deduction 
of  the  factor  three  follows  from  the  classical  analysis  of  the  stress  field 
around  an  open  hole  in  an  Infinite  plate  given  in  Reference  15.  With  the 
relation  between  the  load  in  the  patch  and  the  remote  stress  level  thus 
established,  these  new  analysis  programs  can  be  used  to  analyze  either  purely 
bonded  or  bonded/bolted  repairs.  A  sample  solution  is  shown  in  Figure  48  to 
illustrate  the  capabilities  of  the  A4EK  program  in  this  context.  On  their 
own,  the  bolts  would  be  predicted  to  be  capable  of  an  even  greater  load 
transfer,  of  9581  lb.  per  inch  Instead  of  9535  lb.  per  inch  for  the 
combination.  Again,  however.  It  should  be  noted  that  the  9581  lb.  is  an 
ultimate  value,  attained  only  after  substantial  damage  around  the  bolt  holes, 
while  the  9535  lb.  strength  would  be  achieved  with  no  such  damage. 

The  bolts  in  the  repair  shown  in  Figure  48  would  often  be  the  most  practical 
way  of  locating  the  patch  and  clamping  the  parts  together,  particularly  if 

they  are  thick.  That  would  leave  only  the  need  for  application  of  heat  to 

cure  the  adhesive.  The  reliable  in-service  repair  of  fibrous  composite 
structures  by  adhesive  bonding  alone  is  not  as  simple  as  it  seems  at  first 
sight,  however.  One  major  problem  which  is  already  recognized  in  many 

quarters  is  that  the  small  amount  of  moisture  absorbed  by  laminates  causes 
inferior  bond  or  co-r.ured  laminate  strengths  unless  it  is  first  removed  by 
careful  drying  out.  The  impractical ity  of  doing  so  in  some  cases, 

particularly  for  large  thick  composite  structures,  means  that  high-strength 
bonded  repairs  cannot  always  be  relied  on.  Therefore,  the  repair  of  large 
composite  structures  may  he  forced  to  depend  on  mechanical  fastening  and  an 
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FIGURE  48.  LOAD  TRANSFER  THROUGH  BON'tU/SOLTED  FIBROUS  COMPOSITE  PATCH 

adhesive  bond  of  ofFly  about  naif  its  normal  strength.  (In  that  case,  the 
predicted  strength  above  would  be  reduced  to  6777  1b.  per  inch.)  In  the  case 
of  thin  composite  laminates,  on  the  other  hand,  purely  bonded  repairs  are 
quite  practical,  because  the  bond  starts  out  much  stronger  than  thin 
adherends,  the  drying  out  prior  to  bonding  is  both  quicker  and  easier. 

4.4  COMBINATION  OF  BONDING  AND  BOLTING  IN  FAIL-SAFE  STRUCTURES 

There  is  a  quite  widespread  misconception  that  mechanical  fasteners  can  be 
considered  to  always  provide  fail-safety  for  adhesively-bonded  joints.  In 
actual  fact,  they  can  do  so  only  in  relatively  fe.<  instances  in  well -designed 
bonded  structure  and  not  many  more  in  poorly-designed  structure.  The  key  to 
the  differences  in  behavior  lies  in  the  relative  strength  of  the  adhesive  and 
the  adherends.  This  is  explained  fully  in  Reference  16.  Briefly,  whenever 
the  bond  is  stronger  than  the  members  being  joined,  no  fail-safe  load  path  is 
needed  because  the  failure  must  run  outside  the  bond  area  (where  any  rivets 


fl 


79 


would  be  located)  before  it  could  propagate.  In  such  a  case,  rivets  to 
backup  the  bond  would  be  superfluous  because,  even  in  the  area  adjacent  to 
any  disbond  or  damage,  the  adherends  are  simply  not  strong  enough  to  fail  the 
adhesi ve. 

In  the  case  of  thick  members  bonded  together  with  such  a  simple  joint  concept 
that,  the  adhesive  is  the  weak  link,  a  local  disbond  could  cause  a  widespread 
and  catastrophic  unzipping  of  the  bond.  Mechanical  fasteners  through  such  a 
hond  would  provide  a  degree  of  fail -safety  and  could  represent  an  improved 
structure.  Certainly,  no  adhesive  bond  should  ever  be  used  without  such 
reinforcement  whenever  the  bond  would  be  weaker  than  the  members  being 
joined.  In  some  such  cases,  the  use  of  a  complex  joint  geometry  would 
provide  the  better  solution,  by  Increasing  the  joint  strength  and  removing 
the  weak-link  fuse  from  the  structure.  That  is  not  always  possible,  however, 
particularly  for  fibrous  composite  structures,  as  is  explained  in  the  next 
section,  so  there  are  some  structures  for  which  the  strongest  and  most 
damage-tolerant  structure  is  obtained  by  bonding  ar.d  bolting  together.  It 
should  be  understood  that,  even  so,  the  ultimate  strength  of  the  intact 
structure  Is  effectively  defined  by  the  adhesive  alone,  and  the  fasteners 
remain  virtually  unloaded  until  some  damage  has  occurred  to  cause  a  load 
redistribution,  as  shown  in  Figure  49. 

Whereas  rivets  or  bolts  can  therefore  be  considered  as  fail-safe  load  paths 
for  thick  bonded  structures,  the  converse  is  true  for  thin  structures.  This 
car  be  appreciated  for  Figure  50  by  starting  with  the  riveted,  bond-free  case 
as  a  baseline.  The  fasteners  cause  a  weakness  in  the  members  being  joined, 
Hke  a  seam  of  perforations  along  the  joint.  And  the  nature  of  such 
structure  is  that  the  more  fasteners  are  broken  (or  the  longer  is  the  skin 
crack),  the  more  severe  is  the  load  in  the  adjacent  skin  and  fasteners. 
These  condUicns  permit  a  catastrophic  tearing  whenever  the  damaged  area  is 
large  enough  or  the  load  sufficiently  high.  Those  unsatisfactory 
characteristics  can  be  avoided  by  Including  adhesive  bonding  as  well,  both  as 
a  stronger  alternative  load  path  and  as  a  means  of  reducing  both  the  skin 
stress  and  the  bearing  stress  along  the  fastener  seam.  It  is  fair  to  say, 
then,  that  the  adhesive  bond  is  then  acting  as  the  fail-safe  lead  path  for 
the  rivets!  Ir.  actual  fact,  the  rivets  or  bolts  are  then  superfluous 
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whenever  the  bond  is  stronger  than  the  adhesives  and  should  be  eliminated  to 
save  weight  and  cost  and  to  remove  possible  sites  for  damage  initiation. 

If  so-called  chicken  rivets  are  added  to  a  design  only  because  of  doubts 
about  the  reliability  of  the  surface  preparation  or  quality  control  for 
bonding,  that  cost  would  be  better  spent  on  Improving  the  bonding  techniques 
to  remove  the  doubts.  There  are  sufficient  good  service  records  of  honded 
structures  to  have  full  confidence  In  bonding  alone,  proved  that  the  design 
and  manufacture  are  done  properly.  Advanced  composite  structures  have  done 
much  to  expand  the  use  of  adhesive  bonding  in  highly-loaded  structure  because 
they  are  so  brittle  that  the  structural  efficiency  of  purely  bolted  or 
riveted  composite  structures  is  often  unacceptably  low.  That  is  one  reason 
why  so  much  such  structure  is  purely  bonded. 

4.5  ANALYSIS  OF  FAIL-SAFETY  OF  80N0ED/80LTED  STRUCTURES 

The  section  above  contains  an  explanation  of  why  toe  combination  of  bonding 
and  bolting  can  be  the  most  appropriate  for  thicker  structures,  particularly 
when  made  from  fibrous  composites.  The  purpose  of  this  section  is  to 
illustrate  the  use  of  the  new  analysis  program  A4EK  to  characterize  such  a 
situation. 

Figure  51  shows  the  area  of  concern  representative  of  a  bonded/bolted  spar 
cap  and  skin  combination  in  fibrous  composite  construction.  Even  under 
normal  operating  loads,  the  total  load  would  be  some  tens  of  thousands  of 
pounds.  Now,  if  either  the  skin  or  the  spar  were  to  be  broken,  but  not  the 
other,  a  resin  Interface  adjacent  to  the  bond  would  be  overloaded  and  tend  to 
unzip.  The  only  restraint  would  be  the  fasteners  which  have  much  more  shear 
strength  than  the  resin  or  possibly  even  the  adhesive.  The  adhesive  itself 
is  not  the  weak  link  because  It  is  so  much  tougher  and  stronger  than  the 
resin  matrix.  Therefore,  the  resin  properties  are  used  In  the  analysis  in 
place  of  those  for  the  adhesive.  The  analyses  of  this  problem  shown  in 
Figures  52  and  53  show  that  the  structure  would  indeed  start  to  unzip  and 
that  the  fasteners  are  capable  of  arresting  such  del  ami  cations  before  they 
spread  very  far.  This  behavior  is  directly  analogous  with  that  reported  in 
Reference  17  for  purely  bonded  stiffened  metal  structures.  In  feet, 
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A  PARTIAL  FRACTURE  OF  ADHESIVE  IONDEQ  STRUCTURE 


I  GROSS  OE LAMINATION  OF  THICK  BONDED  STRUCTURE 
WHEN  ADHERE  NOS  ARE  ITR0N3LR  THAN  ADHESIVE 


C  SELF  ARREST  OF  OELAMINATIOH  WHEN  FASTENERS  ARE  USED  IN 
COMBINATION  WITH  ADHESIVE  FOR  HIGHLY  LOADED  STRUCTURE 


NOTE:  IF  ADHESIVE  WERE  STRONGER  THAN  ADHERENCE,  THERE  WOULD  IE  NO  DELAMINATIONS.  THE  SECOND  MEMBER  WOULD 
SIMPLY  FAIL  AT  THE  SAME  LOCATION  AS  THE  FIRST.  IN  THAT  SITUATION.  FASTENERS  WOULD  NEVER  FEEL  ANY  LOAD  AND 
WOULD  IE  SUPERFLUOUS 


FIGURE  51.  NEED  FOR  FAIL-SAFE  FASTENERS  IN 


FIGURE  52,  USE  OF  BOLTS  AS  FAIL-SAFE  LOAD  PATHS  IN  BONDED  STRUCTURES 
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FIGURE  5:3.  DAMAGE  CONFINEMENT  BY  COMBINATION  OF  BONDING  AND  BOLTING 

stiffnesses  calculated  by  the  A4EK  program  for  various  .joint  geometries  and 
assumed  or  known  disbonds  could  be  fed  into  the  pocket-calculator  solutions  in 
Reference  17  to  expand  the  capabilities  of  each  individual  analysis. 


Several  significant  observations  can  be  drawn  from  Figures  52  and  53.  The 
problem  analyzed  in  Figures  52  and  53  is  a  good  example  of  the  need  for 
fail-safe  fasteners  in  thick,  highly-loaded  bonded  structures.  Local  damage 
to  one  member  would  result  in  catastrophic  failure  due  to  unrestrained 
delamination  if  the  structure  were  only  bonded,  without  fasteners.  The 
presence  of  the  fasteners  confines  the  delaminations  to  quite  a  small  area, 
making  repairs  quite  practical.  While  the  bond  alone  is  not  as  strong  as  the 
adherends,  the  fasteners  are  and  they  can  reduce  the  loss  of  strength  due  to 
the  initial  damage  to  only  a  loss  of  effective  area  without  any  notch 
factor.  The  contribution  of  the  adhesive  in  this  case  is  so  slight  that  the 
combination  of  fasteners  with-  a  good  sealant  would  perform  just  as  well  as 
with  the  adhesive,  particularly  since  the  delamination  tends  to  occur  in  a 
laminate  rather  than  in  the  bond.  The  choice  between  adhesive  and  sealant 
should  then  be  based  on  producibil ity  considerations  to  maximize  the  quality 


of  the  structure.  It  is  important  that  the  bonding  medium  should  flow 
neither  so  little  as  not  to  wet  the  surfaces  nor  so  much  as  to  flow  out  all 
over  the  place.  So  the  ideal  material  for  such  an  application  will  have  the 
cure  cycle  most  compatible  with  tl.e  available  heat-up  rate  for  a  given 
appl  ication. 

4,fi  CONCLUSIONS 

The  new  nonlinear  analysis  of  bonded/bolted  joints  is  particularly  useful  in 
the  context  of  damaged  or  Imperfect  structures.  The  method  can  be  used  to 
analyze  the  residual  strength  of  such  structures. 

These  analyses  have  confirmed  that  bonding  and  bolting  together  do  not 
achieve  any  significant  advantage  over  adhesive  bonding  alone  in 
well-designed  intact  structures. 

The  A4EK  program  makes  possible  the  analysis  of  the  bonded/bolted  repair  of 
damaged  or  defective  bonded  structures  by  matching  the  various  deformations 
through  each  load  path. 

The  question  of  using  fail-safe  rivets  in  bonded  structures  is  more  complex 
than  is  generally  recognized  and  a  thorough  explanation  of  the  entire  story 
is  provided.  Rivets  are  usually  superfluous  in  lightly  loaded  structure,  but 
bolts  can  be  very  valuable  for  heavily  loaded  bonded  structures. 
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APPENDIX 

This  appendix  (AFWAL-TR-81-3154,  Vol  II)  has  been  intentionally  omitted  from 
this  report  because  the  computer  software  contained  therein  is  limited  to  DOD 
agencies  only.  Other  requests  for  the  software  should  be  submitted  in  accord¬ 
ance  with  AFSC  Sup  1  to  AFR  300-6  (DOD  Dir  4160,19  dtd  2  Apr  73).  Requests 
must  be  submitted  to  AFWAL/FIBRA,  Wright-Patterson  AFB,  OH  45433. 


